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ABSTRACT 

Asteroseismology with the Kepler space telescope is providing not only an improved characterization of 
exoplanets and their host stars, but also a new window on stellar structure and evolution for the large sample of 
solar-type stars in the field. We perform a uniform analysis of 22 of the brightest asteroseismic targets with the 
highest signal-to-noise ratio observed for 1 month each during the first year of the mission, and we quantify 
the precision and relative accuracy of asteroseismic determinations of the stellar radius, mass, and age that are 
possible using various methods. We present the properties of each star in the sample derived from an automated 
analysis of the individual oscillation frequencies and other observational constraints using the Asteroseismic 
Modeling Portal (AMP), and we compare them to the results of model-grid-based methods that fit the global 
oscillation properties. We find that fitting the individual frequencies typically yields asteroseismic radii and 
masses to ^1% precision, and ages to ^2.5% precision (respectively 2, 5, and 8 times better than fitting the 
global oscillation properties). The absolute level of agreement between the results from different approaches 
is also encouraging, with model-grid-based methods yielding slightly smaller estimates of the radius and mass 
and slightly older values for the stellar age relative to AMP, which computes a large number of dedicated 
models for each star. The sample of targets for which this type of analysis is possible will grow as longer data 
sets are obtained during the remainder of the mission. 

Subject headings: methods: numerical — stars: evolution — stars: interiors — stars: oscillations 



1. INTRODUCTION 

The Kepler mission is using a 0.95-m telescope and an ar- 
ray of CCDs to monitor the brightnesses of mor e than 156,000 
stars with high precision for at least 3.5 years dBorucki et al.l 
2010). Some of these stars have planetary systems whose 
orbits are oriented such that they periodically pass in front 
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of the host star. Such a transit of an exoplanet produces a 
photometric signal that contains information about the size 
of the planet relative to the size of the star. To obtain 
the absolute radius of the exoplanet, a precise estimate of 
the stellar radius is required. Since we do not generally 
know the precise size of the host star, the mission design 
includes a revolving selection of 512 stars monitored with 
the short cadence (1 -minute sampling, Gill iland et al.ll2010h 
that is necessary to detect short period solar-like oscilla- 
tions, allowing u s to appl y the techniques of asteroseis mology 
dChristensen-Dalsgaard etaflfcOOTt lAerts et alj|2010t) . Even 
a relatively crude analysis of such data can lead to reli- 
able determinations of stellar radii to help characterize the 
extrasolar planetary systems discovered by exoplanet mis- 
sions (e.g. IChristensen-Dalsgaard et al.l 120101 : iGaulme et alj 
l20lot iMova et alj I2010t iBallot et all 1201 lbh . and (model- 
dependant) stellar ages to reveal how such systems evolve 
over time. For the asteroseismic targets that do not show ev- 
idence of planetary companions, these data allow a uniform 
determination of the physical properties of hundreds of solar- 
type stars, thousands of red giants and members of clusters, 
prov iding a new window on stellar structure and evolution 
(e.g.lStello et alJl2010tlBasu et al.ll20Tlt iBedding eilillloTll: 
Chapl in et al.l 120 1 lb . By comparing the asteroseismic prop- 
erties of exoplanet host stars with the sample of Kepler stars 
without known planets, we can also search for correlations be- 
tween stellar properties (e.g. composition) and the presence of 
planetary systems. 

The excitation mechanism for solar-like oscillations is tur- 
bulent convection near the stellar surface, creating a broad 
envelope of power in the frequency domain with a peak 
that scales approximately with the acoustic cutoff frequency 
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dBrown et alJll99U iBelkacem et alj|201 ll) . Within this enve- 
lope a large fraction of the predicted low-degree oscillation 
modes are excited to detectable amplitudes, leading to read- 
ily identifiable patterns. Without any detailed modeling, these 
overall patterns (characterized by the so-called large and small 
frequency separations, Av and 602) immediately lead to an 
estimate of the mean density of the star and can indicate the 
presenc e of interior chemical grad ients that reflect the stellar 
age (see lBrown & GilhTandll 19941) . 

A more precise analysis would include a detailed compar- 
ison of the observed frequencies with the output of theoret- 
ical models. One complication with such a comparison is 
the existence of so-called surface effects, which appear as 
systematic differences between the observed and calculated 
oscillati on frequencies that grow larger with incr easing fre- 
quency (IChristensen-Dalsgaard & T hompson 1997). Surface 
effects arise primarily due to incomplete modeling of the near- 
surface layers of the star where convection plays a major role, 
and they are evident even in the best standard solar models. 
Addressing this inherent deficiency in our ID models would 
require th at we substitute the result s of extensive 3D cal- 
culations (Trampeda ch & Steinll201 ll) for the parameterized 
mixing-length treatment of convection dBohm-Vitensd[l958l) 
that is currently used in nearly all stellar evolution codes and 
include detailed treatme nts of rotation and non - adiabatic ef- 
fects in the models (e.g. Grig ahcene et alj|2005h ISuarez et alj 
2010). Alternatively, we can make a n empirical correctio n 
to the calculated frequencies following Kiel dsen et alj (2008), 
who devised a method for calibrating surface effects using so- 
lar data, and then scaling by the mean stellar density for other 
models. 

Using such an approach, Met calfe et alj (120101) recently de- 
termined a precise asteroseismic age and radius for the Ke- 
pler target KIC 11026764. By matching the output of stel- 
lar models to the observed oscillation frequencies of this 
star, iMetcalfe et al.l determined an asteroseismic age and ra- 
dius of t = 5.94 ± 0.05(stat)!^(sys) Gyr and R = 2.05 ± 
0.03(stat)±QQ2(sys) Rq, where stat corresponds to the statis- 
tical uncertainty (also called "precision") and sys refers to 
the systematic uncertainty (also called "accuracy"). The re- 
sults obtained for KIC 1 1026764 represent an order of mag- 
nitude improvement in the statistical precision of the age de- 
termination over model-grid-based methods — which use only 
the global oscillation properties — while achieving compara- 
ble or slightly better precision on the radius. The systematic 
uncertainties on the radius are almost negligible, while the 
model-dependence of the asteroseismic age yields impressive 
accuracy compar ed to other age indicators for field stars (see 
ISoderb lom 2010). Whatever the limitations on absolute aster- 
oseismic ages, studies utilizing a single stellar evolution code 
can reliably determine the chronology of stellar and planetary 
systems. 

In this paper we apply several analysis techniques to the 
asteroseismic data sets for a sample of 22 solar-type stars ob- 
served by Kepler during the survey phase of the mission. The 
primary objective of this work is to quantify the internal statis- 
tical precision and absolute systematic accuracy of asteroseis- 
mic determinations of the stellar radius, mass, and age that are 
possible using various methods — from empirical scaling re- 
lations, to model-grid-based methods, to automated methods 
that attempt to match the individual oscillation frequencies. 
The results include a uniform analysis of these asteroseismic 
data sets, yielding the first large sample of stellar properties 



derived from detailed modeling with up-to-date physics. In 
$2]we describe the photometric data from Kepler and the stel- 
lar atmospheric parameters derived from spectroscopy, while 
$3] includes the details of the stellar modeling methods. In 
$4]we present the results of the uniform analysis, quantifying 
the precision and relative accuracy of the different approaches 
and presenting the derived properties for each star. Finally, in 
$5] we summarize our conclusions and reflect on the future of 
asteroseismology for solar-type stars. 

2. DATA ANALYSIS 
2.1. Kepler photometry 

During the first year of the Kepler mission, a survey was 
conducted of nearly 2000 solar-type stars observed for 1 
montr[3 ea °h with 1 -minu te sampling to search for evidence 
of so lar-like oscillations ( Chaplin et al] 1201 \i IVerner et al.l 
201 1). Clear detections were made in 642 of these targets, but 
only the brightest stars with the largest intrinsic amplitudes 
permitted the extraction of individual oscillation frequencies 
from these survey data. Based on the signal-to-noise ratio of 
their oscillation modes, we selected a sample of 22 of the best 
stars, for which we could extract the individual frequencies 
and which covered a broad range of properties in the H-R di- 
agram. Before a nalyzing the data, t he light curves were pro- 
cessed following Garcia et al. (2011) to remove jumps, out- 
liers, and other ins trumental effects. The raw light curves 
dJenkins et aLlHoToh were then subjected to a high-pass filter 
with a cut-off frequency at 1 cycle per day. 

The oscillation power spectra of the 22 stars were analyzed 
independently by eight teams to produce sets of observed 
acoustic (p)-mode frequencies with associated uncertainties 
for each star. The techniques used by each of the teams, 
which have been widely tested on simulated and real data, 
varied in the way the optimization was carried out fe.g. clas- 
sical maximum-likelihood est imation (lAnderson et al.llT990t 
Toutain & Aprjourchaux 1994) or Markov Chain Monte Carlo 
(e.g. Handberg & Campante 201 1)] and in the number of free 
parameters and assumptions made for the analysis. The re- 
sults were used to form frequency sets f or each star in an up- 
dat ed version of the metho d described by Ma thur et al.l (1201 ll) 
and lCampante et all (1201 ll) . The aim was to provide two fists 
of frequencies: a minimal list that contains frequencies where 
most of the teams agreed, and a maximal list where at least 
two teams agreed on the frequ ency of a mo de. This method 
first applied Peirce's Criterion (Peirce 1852) for the rejection 
of outliers for each (n, I) mode. If more than half of the esti- 
mates remained then the mode was added to the minimal list. 
The root-mean-square (RMS) deviation was then determined 
for the frequency sets of each tea m, relative to the m ean fre- 
quencies in the minimal list (e.g. Math ur et al.ll201 ll) . and the 
frequency set with the minimum RMS deviation was adopted 
as the best frequency set. While this method provides a robust 
way of determining which modes can be reliably extracted, 
the frequencies in the best set for the 22 stars can end up be- 
ing determined with different techniques, depending on the 
team that gave the best frequency set. To provide a uniform 
set of frequencies and uncertainties for all of the stars, the 
frequencies in the best sets were used as input to a classical 
maximum-likelihood optimization to produce the final sets of 

16 Kepler data are collected by quarters that lasted three months except for 
the first quarter, which lasted one month (referred as Ql). One month of the 
other quarters are denoted as Q2.1 for example to refer to the first month of 
the second quarter. 
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Table 1 

and model frequencies for KIC 491 4923 1 



v oh& (/LtHz) 



(/iHz) a v (//Hz) 



1626.83 ±0.77 
1715.26±0.24 
1804.44 ±0.30 
1893.09 ±0.33 
1981.63±0.33 
2070.74 ±0.30 



1276.12 
1364.28 
1451.43 
1538.78 
1626.76 
1715.67 
1804.51 
1893.02 
1981.73 
2070.32 



-1.04 
-1.39 
-1.81 
-2.32 
-2.95 
-3.72 
-4.62 
-5.68 
-6.93 
-8.38 




Observed 



£ n 2 



13 

14 

15 

16 

17 

18 

19 

20 

21 

22 






23 




2159.22 


- 10.05 





24 




2248.07 


-11.98 


1 


13 




1314.87 


-1.18 


1 


14 




1402.85 


-1.56 




15 


1491.40 ±0.24 


1489.86 


-2.02 




16 


1577.98 ±0.12 


1577.59 


-2.59 




17 


1666.62 ±0.49 


1666.31 


-3.28 




18 


1755.24 ±0.28 


1755.23 


-4.10 




19 


1844.23 ±0.32 


1844.26 


-5.08 




20 


1932.32 ±0.30 


1932.91 


-6.22 




21 


2021.42 ±0.30 


2021.73 


-7.55 




22 




2110.80 


-9.11 




23 




2199.71 


- 10.90 




24 




2288.79 


- 12.96 


2 


13 




1357.97 


-1.36 


2 


14 




1445.35 


-1.78 


2 


15 




1532.79 


-2.29 


2 


16 


1619.51 ±0.90 


1620.88 


-2.91 


2 


17 


1709.17 ±0.33 


1710.00 


-3.66 


2 


18 


1799.55 ±0.17 


1799.04 


-4.56 


2 


19 


1886.13±0.22 


1887.82 


-5.62 


2 


20 


1976.24 ±0.23 


1976.78 


-6.85 


2 


21 




2065.62 


-8.29 


2 


22 




2154.82 


-9.96 


2 


23 




2243.94 


-11.89 


2 


24 




2332.79 


- 14.08 



J^obs is the observed frequency, v colr is the model frequency from 
AMP after applying the surface correction, and a v is the size of the 

surface correction from Eq. {5). 

2 

Radial order n from the optimal model 



observed frequencies and uncertainties for each star. 

This final extraction was performed by fitting the oscilla- 
tion power spectrum to a simplified global spectrum com- 
posed of symmetric Lorentzian peaks an d a three-comp onent 
background — two Harvey-like profiles (lHarveyl Il985h plus 
constant white noise. The fit was iterated using a BFGS op- 
timiz ation algo rithm dBrovdenl 1 970t iFletcherll 19701: iGoldfarbl 
[19701 lShanndfl970l ). which is a widely-used quasi-Newton 
"hill-climbing" nonlinear optimization method. We fitted one 
mode height and linewidth per radial order, with the height 
ratios of the £ = 1 and 1 = 2 modes relative to the nearest 
radial order fixed at 1.5 and 0.5 respectively. These ratios 
were validated with modeling by Ballot et af] d201 lab . The 
fit was performed twice, initially with no rotational splitting 
and the inclination angle fixed at zero and then with both as 
free parameters. The likelihood-ratio test was used to iden- 



6400 6200 6000 5800 5600 5400 5200 
T e „ (K) 

Figure 1. Large separation versus effective temperature for the 22 stars 
in our sample. The position of the Sun is indicated by the symbol, and 
evolution tracks from ASTEC are shown for a range of masses at solar 
composition (Zq =0.0246). Median uncertainties on (Av) and r e f t are 
shown in the upper right corner of the figure. 

tify cases where the extra parameters significantly improved 
the fit. When the likelihood-ratio test favored the fit including 
rotation above the 99% leveQ we used the extra parame- 
ters. Where this was not the case, the fit using no rotation was 
adopted. Formal uncertainties were obtained from the inverse 
of the Hessian matrix determined when the optimization con- 
verged. The final frequencies were then checked both visually 
and statistically before being accepted. For the power spec- 
trum of each star, we compiled a list of significant frequen- 
cies according to two different statistical tests. The first was 
the simple null hypothesis "false alarm" test that assumes an 
underlying negative exponential probability distribution. The 
second was a Bayesian odds ratio te st which takes into ac - 
count some structure in the peak (e.g. Broomhall et al. 2010). 
When a candidate frequency coincided with a significant peak 
from either test and passed our visual inspection, we treated 
the frequency as a confirmed detection. We used these final 
lists of frequencies as input for the modeling of each star (see 
©. Tables of the observed and model frequencies are pro- 
vided for each target in Appendix A (available in the online 
material). Results for KIC 4914923 are shown in Table [TJ in- 
cluding the corrected model frequencies v con and the size of 
the empirical correction for surface effects on each frequency 
a v (see ®. 

From the peak bagging results, we estimated the frequency 
of maximum power, v m!LX , by fitting a Gaussian to the ex- 
tracted radial mode amplitudes as a function of frequency. 
We then took the 4 radial order{3 closest to z/ max to perform 
a weighted linear regression as a function of the order n to 
compute the mean large frequency separation, (Az/). FigureQ] 
presents a modified H-R diagram, where we substitute (Ai/) 
as a proxy for the luminosity and use the effective temper- 

17 The choice of the 99% level corresponds to a 3-ct result, which we want 
to reach with the large number of stars analyzed ensuring that there are no 
false-positive detections. 

1 8 The choice of the number of radial orders is a trade-off between reducing 
the error bar (large number of modes) and restricting the frequency range of 
the calculation to reduce the contribution of the frequency variation of Av. 
Using 4 orders was appropriate given the variation in (Av) observed in the 
stars of our sample. 



4 



MATHUR ET AL. 



Table 2 

Non-seismic constraints adopted for the modeling and the corresponding model properties from AMP 



X7 1 1 ' 

KIC 


hff (K) 


T eS (K) 


log,? 




[re/HJ 


[re/HJ 


T 1 T 

L/Lq 


t It * 


V 2 

Aspec 


3632418 


6150±70 


6120 


4.00 ±0.08 


4.01 


-0.19 ±0.07 


-0.17 


4.90 i 0.66 


4.27 


0.3 


3656476 


5700 ±70 


5664 


4.43 ±0.08 


4.23 


+0.32 ±0.07 


+0.26 




1.61 


2.3 


4914923 


5840 ±70 


5851 


4.30 ±0.08 


4.21 


+0.14 ±0.07 


+0.06 


2.32i0.58 


1.97 


0.7 


5184732 


5825 ±70 


5811 


4.36 ±0.08 


4.27 


+0.39 ±0.07 


+0.39 




1.89 


0.5 


5512589 


5710±70 


5680 


4.03 ±0.08 


4.06 


+0.04 ±0.07 


+0.05 




2.60 


0.1 


6106415 


5950 ±70 


5984 


4.25 ±0.08 


4.30 


-0.11 ±0.07 


-0.02 


1.75 i 0.08 


1.76 


0.6 


6116048 


5895 ±70 


5990 


4.19±0.08 


4.28 


-0.26 ±0.07 


-0.15 




1.84 


1.9 


6603624 


5600 ±70 


5513 


4.39 ±0.08 


4.32 


+0.26 ±0.07 


+0.25 




1.10 


0.8 


6933899 


5830 ±70 


5893 


4.02 ±0.08 


4.08 


+0.01 ±0.07 


+0.05 




2.69 


1.3 


7680114 


5815±70 


5830 


4.24 ±0.08 


4.19 


+0.10 ±0.07 


+0.06 




2.17 


0.2 


7976303 


6050 ±70 


5798 


3.98 ±0.08 


3.89 


-0.52 ±0.07 


-0.27 




4.16 


8.9 


8006161 


5340 ±70 


5268 


4.66 ±0.08 


4.50 


+0.38 ±0.07 


+0.25 


0.61i0.02 


0.60 


2.2 


8228742 


6000 ±70 


6075 


3.92 ±0.08 


4.03 


-0.15 ±0.07 


-0.03 


4.57 i 1.45 


4.13 


1.5 


8379927 


5960 ±125 


5771 


4.30±0.15 


4.38 


-0.30±0.12 


-0.05 


1.05 i 0.08 


1.24 


3.0 


8760414 


5765 ±70 


5814 


4.12 ±0.08 


4.33 


-1.19±0.07 


-0.74 




1.07 


16.0 


10018963 


6300 ±65 2 


6314 




3.94 


-0.47i0.50 3 


-0.21 




5.20 


0.2 


10516096 


5900 ±70 


5906 


4.21 ±0.08 


4.18 


-0. 10 i 0.07 


-0.10 




2.21 


0.1 


10963065 


6015 ±70 


6046 


4.23 ±0.07 


4.29 


-0.21 i 0.07 


-0.22 




1.73 


0.3 


11244118 


5705 ±70 


5620 


4.18±0.08 


4.06 


+0.34 i 0.07 


+0.24 




2.15 


1.9 


11713510 


5930 ±52 2 


5930 




4.05 




-0.25 




2.73 


0.0 


12009504 


6060 ±70 


6093 


4.11 ±0.08 


4.22 


-0.09 i 0.07 


-0.05 




2.55 


0.9 


12258514 


5950 ±70 


5858 


4.19±0.08 


4.12 


+0.02 i 0.07 


+0.05 


2.84 i 0.25 


2.67 


0.8 



T c s, log,?, [Fe/H], and L/Lq are respectively the values of effective temperature, surface gravity, metallicity, and luminosity adopted for 
modeling as derived in § |2.2| while the * denote the corresponding properties of the optimal model from AMP. The normalized Xspec (f° r me 
spectroscopic parameters) is calculated from Eq. {5). Quoted errors include the statistical and systematic uncertainties combined in quadrature. 

2 From Pinsonne ault et all 1201 11) 

3 From lBrown"et~aT] <20Tll) 



ature obtained from the spectroscopic analysis described in 
32.21 Note that most of the stars selected for our analysis are 
hotter and more luminous than the Sun. 

2.2. Non-seismic constraints 

The atmospheric parameters T e ff, \ogg, and [Fe/H] were 
determined by analyzing high-quality spectra acquired from 
two service observ ing programs during the summer of 2010 
dBrunttetalJl2011l) using the ESPADONs spectrograph at 
the Canada-France-Hawaii Telescope and the NARVAL 
spectrograph at the Bernard Lyot telescope. The spectra have 
a resolution of 80,000 and a typical signal-to-noise ratio in 
the continuum of 200-300. We empl oyed the Versatile W ave- 
length Analysis (VWA) technique dBruntt et al.l l2010alfbh in 
which several hundred individual lines are iteratively fit by 
calculating synthetic profiles. We verified that our derived 
r e ff values agree d with the photometric calibration using 
the Vj-K index (Casag rande et al.l 120101) . Uncertainties on 
the parameters T e ff, \ogg, and [Fe/H] are typically 70 K, 
0.08 dex, and 0.07 dex, respectively, including statistical 
and systematic errors combined in quadrature. The values 
we used were the pr eliminary re s ults o f the spectroscopic 
analysis presented by iBruntt et al.l (2011) but agree with the 
final results within the uncertainties. We did not have spectro- 
scopic data for KIC 1 00 18963 and KIC 1 1 7 1 3 5 1 0, so we used 
the r e ff values from lPinsonneault et al.l d201 ll) . To be sure that 
this does not introduce any bias in our analysis, for ^15 stars 
we checked that the r e ff from the two methods agree within 



the error bars. For KIC 10018963 we also adopte d the [Fe/H] 
value from the Kepler Input Catalog (KIC; iBrown et alj 
201 1), but for KIC 1 1713510, we did not impose a constraint 
on [Fe/H]. For seven stars, we als o had constra i nts on th e 
luminosity via the parallaxes from Ivan Leeuwenl (l2007albh . 
and the Johnson V and galactic extinc tion E(B - V) from 
the Tycho catalog ( Am mons et al.l 120061) . We appl ied the 
bolom etric correction of Flower ( 1996) as tabulated in Torres! 
(2010), adopting a solar bolometric absolute magnitude 
A^boi,© = 4.73 i 0.03 to ensure internal consistency. All of 
the non-seismic constraints adopted for the stellar modeling 
are listed in Table [2] along with the corresponding properties 
of the optimal models from AMP (marked with an aster- 
isk, see © and the value of the normalized Xs pec fr° m Eq. ©. 

3. STELLAR MODELING METHODS 

Four teams modeled the 22 stars using different methods. 
Three of the methods (RADIUS, YB, and SEEK) used model 
grids to fit the global oscillation properties, yielding the as- 
teroseismic radius, mass, and age. One method (AMP) fit the 
individual oscillation frequencies to provide additional infor- 
mation such as the composition and mixing-length for each 
star. Below we describe the details of these four model-fitting 
methods. 

3.1. RADIUS 

The RADIUS method dStello et al.ll2009bl) uses r eff , logg, 
[Fe/H], L, and (Av) to find the optimal model. The method 
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is based on a large grid of Aarhus STel lar Evolution Code 
(ASTEC; IChristensen-Dalsgaardl l2008al) mo dels using the 
EFF equation o f state (lEggleton et al.l 119731). It uses the 
opacity tables of Rogers & Iglesias ( 1995) and Ku ruczl(ll991l) 
for T < 10 4 K with the solar mixture of iGrevesse & Noels! 
(1993). Rotation, overshooting, and diffusion were not in- 
cluded. The grid was created with fixed values of the mixing- 
length parameter (a = 1 .8) and the initial hydrogen mass frac- 
tion (X[ = 0.7). The resolution in logZ was 0.1 dex with 
0.001 < Z < 0.055, and the resolution in mass was 0.01 M 
from 0.5 to 4.0 M Q . The evolution begins at the ZAMS 
and continues to the tip of the red-giant branch. To con- 
vert between the model values of Z and the observed [Fe/H], 
we used Z = 0.0188 dCoxl 120001) . We made slight modi- 
fication s to the RADIUS approach described by Stel lo et al] 
(2009b). First, the mean large frequency separation was de- 
rived by applying the scal ing relations based on solar values 
dKjelds en & Beddingi ! 19951) instead of calculating it directly 
from the model frequencies. Although there is a known sys- 
tematic difference between the se two ways of der i ving (Av), 
the effect is at the 1% le vel (IStello et a l. 2009a; iBasuetalJ 
120 lOt IWhiteet all 1201 lal) . Second, for each star, we pin- 
pointed a single optimal model based on a x 2 formalism that 
was applied to all models within ± 3 a of the observational 
constraints. The unc ertainties were computed as described by 
IStello et all (1200 9b) based on the smallest and largest values 
of each parameter among the selected stellar models. 

3.2. YB 

Th e YB method us es a variant of the Yale-Birmin gham 
code dBasu et al.l2010l) . as described by lGai et al.l (1201 ll) . The 
method finds the maximum likelihood of the stellar radius, 
mass, and age from several grids of models using the val- 
ues of (A;/), ^ max , r e ff and [Fe/H] as input. For each set of 
observational constraints, YB generates 10,000 new sets by 
adding different realizations of random Gaussian noise to the 
observed values. It then evaluates a likelihood function for 
each model in every grid: 



n 



i 



27TCT/ 



x exp(-x 2 / 2 )> 



where 



N 

x 2 =E 



^Zobs,i ^/mod,, 



(1) 



(2) 



with q = {(Ai/), v m . dx , T e ff, [Fe/H]}, N is the number 
observables and the er, are the uncertainties on the ob- 
servational constraints. The oscillation properties ((Av) 
and t-w) of the models a re derived from scaling relations 
(Kjeldsen & Bedding 1995). All points from the 10,000 sets 
of constraints with C greater than 95% of the maximum like- 
lihood form a distribution function for each stellar property, 
with the median indicating the estimated value and the lcr 
limits providing a measure of the errors. 

This method uses four different model grids for determin- 
ing the properties of each star, which we re derived from 
the Y ale Rotating Evolution Code (YREC; Demarq ue et al.l 
2008) in its non-rotati ng configuration with up-to-date 
physics ("for details, see | Gai et al.l 1201 ll) . the Yonsei-Yale 
isochrones dDemarque et al.l 2004ft. t he Dartmouth Stellar 
Evolution Database (Dotter et al. 2008), and the Padova code 
(Marigo et al. 2008). Each grid produced a set of results for 



each star, and the final result was taken to be the median of 
the results returned by the different grids with an additional 
contribution to the uncertainty from the dispersion in the in- 
dividual results. 

3.3. SEEK 

The SEEK method uses a large grid of stellar models com- 
puted with ASTEC. The models in the grid were constructe d 
using the OPAL equation of state (Rogers & Navfonov2002), 
OPAL opacity tables (Iglesias & Rogers 1996) augmented at 
low temperatur es by lAlexander & Ferguson! (119941) . and the 
solar mixture of Grevesse & Sauval (119981) . T he treatment of 
conve ction is based on mixing-length theory (B ohm-Vitensd 
119581) with the convection efficiency parameter a. Diffu- 
sion and overshooting were not included. The grid con- 
sists of 7300 evolution tracks that are divided into 100 sub- 
sets with different combinations of metallicity (Z), initial 
hydrogen mass fraction (X{), and a, where: 0.0075 < Z < 
0.03 and 0.68 < X; < 0.74, and 0.8 < a < 2.8. To iden- 
tify the best model, SEEK compares the observational con- 
straints with every model in the grid and makes a Bayesian 
assessment of the uncertainties. The oscillation properties 
of the models are derived by computing the individual fre- 
quencies with the Aarhus adia batic pulsation code (ADIPLS; 
IChristensen-Dalsgaardl 12008b). Note that, unlike RADIUS 
and YB, the SEEK method includes the small separation (<5o2) 
as a constraint. Comp lete details of the method are provided 
in lOuirion etaT1d2010l) . 

3.4. AMP 

The Asteroseismic Modeling Portal (AMP) is the only 
method that attempts to fit the individual oscillation fre- 
quencies. This method is based on ASTEC models and 
the ADIPL S code, and it uses a parall el genetic algo- 
rithm (GA; iMetcalfe & Charbonneaull2003h to optimize the 
match between the model output and the observational con- 
straints. The evolution code uses the OPAL 2005 equa- 
tion of state dRogers & Navfonovl 120021) wit h the most re- 
ce nt OPAL opacities dlglesias & Rogers 119961) supplemented 
by lAlexander & Ferguson! (11994) opacities at low temper- 
ature s. Convection is tre ated with the mixing-length the- 
ory (iBohm-Vitensd [19581) . and diffusion and gravitational 
settling of helium i s incl uded following the prescription of 
Michaud & Proffitt ( 1993). The GA searches a broad range of 
model parameters, including the mass from 0.75 to 1.75 M Q , 
the metallicity (Z) from 0.002 to 0.050, the initial helium mass 
fraction (Yj) from 0.22 to 0.32, and the mixing-length parame- 
ter (a) from 1 to 3. The stellar age is optimized internally for 
each model by matching the observed value of (Ai/q) usin g 
a binary decision tree (for details, see Metcalfe et al. 2009). 
While the methods presented above are based on grids of 
models that have been computed just once, AMP generates 
around 10 5 models for each star. 

An empirical correction for surface effect s (a v ) was ap- 
plied t o the model frequencies (^mod) following Ki eldsen et al.l 
(2008) before comparing the corrected frequencies (^ C01T ) with 
observations. The correction for each model frequency was 
calculated from: 



; V coit _ t'mod - <20 



^mod 



(3) 



where ao is the size of the correction at f max and the expo- 
nent was fixed to a solar calibrated value of b = 4.823. The 
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value of «o for each model is determined from Kieldsen et al. 
(2008, their Eq. (10)). To quantify the differences between 
each model and the observations, we calculate a normalized 
X 2 separately for the asteroseismic and the spectroscopic con- 
straints: 



and 



Xseis ' 



Xspec ' 



1 

Nf 



E 

i=i 



fobs,/ 



Cobs,; 



(4) 



obs.i 



mod,/ 



fobs,/ 



(5) 



where v b St i are the Nf observed frequencies with correspond- 
ing uncertainties <7 b s ,i, and ^ con .,- are the model frequen- 
cies from AMP after applying the empirical surface correc- 
tion. The P bs.; are the N s non-seismic constraints (T e ff, logg, 
[Fe/H], L), while P mo d., are the values of the corresponding ob- 
servables from the optimal model. AMP minimizes the mean 
of the two x 2 values, and the uncertainties on the adjustable 
model parameters are determined using singular value decom- 
position (SVD). 

The AM P pipeline is available through a TeraGrid Science 
Gateway (Woitaszek et al. 2009). AMP consists of two com- 
ponents: a web-based user interface that supports submitting 
new jobs and viewing existing results, and a back-end work- 
flow automation engine (called GridAMP) that manages the 
execution of the underlying science codes on Grid-enabled 
clusters and supercomputers s uch as those on the TeraGrid 
(lHazlewood & Woitaszek1l201 ll) . The AMP Science Gateway 
greatly simplifies the use of the pipeline by automating the 
many calls of the Fortran code that are required to propagate 
the genetic algorithms to completion; it also prepares initial 
echelle and H-R diagrams for inspection, notifies the user 
when the processing is complete, and archives the results with 
appropriate catalog cross-references for later comparison. 

4. RESULTS 

For many purposes, the most interesting quantities to 
emerge from asteroseismology are the radius, mass, and age 
of the star. In the case of an exoplanet host star, the stellar ra- 
dius is needed to establish the absolute planetary radius from 
transit photometry. The mass provides the absolute scale of 
the orbit and when combined with radial velocity measure- 
ments can lead to an estimate of the mass of the planet. The 
age is important for assessing the dynamical stability of the 
system and establishing its chronology with respect to other 
planetary systems. There are several levels of asteroseismic 
analysis that can provide some of these quantities, and all of 
them need to be exploited to provide as much information as 
possible for a wide range of Kepler targets. 

For the faintest targets, where only the global oscillation 
properties {(Av), u max ) can be determined from the data, em- 
pirical scaling relations can be used in conjunction with an 
inferred T e ff to estimate the stellar radius and mass. Model- 
grid-based methods can use additional information from spec- 
troscopy (logg, [Fe/H]) to provide more precise estimates 
of the radius and mass, along with some information about 
the stellar age. The most precise constraints on all of these 
properties — as well as information about the stellar compo- 
sition and mixing-length — come from fitting the individual 
oscillation frequencies, which can only be extracted for the 



K 

i 



2.2 
2.0 
1.8 
1.6 
1.4 
1.2 
1.0 

10 

5 



-5 
" -10 

1.6 

1.4 - 

s 1.2 
S 

1.0 



.Is- 1 



i * ' ^-'^ ■rt-^r; iff | 



1.0 1.2 1.4 1.6 1.8 2.0 2.2 
R/R e (AMP) 



S 

I 



0.8 

10 

5 



-5 
-10 



0.8 



1.0 



1.2 

M/M s (AMP) 



1.4 



1.6 



Figure 2. Comparison of the stellar radius (top) and mass (bottom) from 
AMP with those computed from the empirical scaling relations. The top of 
each panel compares the actual values, while the bottom shows the differ- 
ences between the values in units of the statistical uncertainty (<r), computed 
as the quadratic sum of the uncertainties from AMP and the scaling relations. 

best and brightest targets. In this section we describe the re- 
sults of applying all of these analysis methods to our sam- 
ple of 22 stars, allowing us to quantify the relative precision 
of these techniques. The results from AMP are expected to 
be the most precise, so we use them as the reference when 
evaluating the other methods and we define and quantify the 
systematic uncertainties as the offsets from the AMP results, 
hereafter called relative accuracy. 

4.1. Scaling relations 

The empirical scaling relations of Kieldsen & B edding! 
(1995) can be used to provide first estimates of the stellar ra- 
dius and mass without any stellar modeling: 



(6) 




(7) 



where (Av) is the observed mean large frequency separation, 
z-Wx is the observed frequency of maximum power, and T e ff is 
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the effective temperature. These relations have recently been 
tested for solar-type stars and red giants dHuber et al.l 20101) 
and overall they appear to be in good agreement with the ob- 
servations. The median statistical uncertainties from our sam- 
ple of 22 stars suggest that these scaling relations typically 
provide a radius precision of 3% and a mass precision of 9%. 

In Figure [2] we compare the values of the radius and 
mass estimated from these scali ng relations with the results 
obtained from AMP (see jj4.31 >. In the top of each panel 
we plot the actual values from each method, while in the 
bottom we show the differences between the methods in units 
of the statistical uncertainty, a, computed as the quadratic 
sum of the uncertainties from the two methods being com- 
pared. The stellar radii from the two methods are in very 
good agreement, suggesting that observations of the global 
oscillation properties combined with an effective temperature 
can provide reliable estimates of the radius, though with 
lower precision than when using st ellar models to fit the 
individual frequencies (0.8%, see ^4. 3b . The exponents 
on the scaling relations for the stellar mass are a factor 
of 2-3 higher on each observable compared to the scaling 
relations for the radius, so we expect a larger scatter. Even 
so, the agreement between methods is good. The scaling 
relations tend to overestimate the radius by +0.3 a and the 
mass by +0.4er relative to the values from AMP, where a 
depends on the uncertainties given by the scaling relations. 
The largest deviations are found for subgiants that exhibit 
mixed modes (KIC 5512589, 7976303, 8228742, 10018963, 
11244118), suggesting that the measurement of (Ai/) and 
f-Wx with our method can be slightly biased in such cases 
or that the scaling relations may be less reliable for these stars. 

4.2. Model-grid-based results 

The three model-grid-based methods yielded estimates of 
the radius, mass, and age for most of the stars in our sample, 
except for one case where [Fe/H] was not available. These 
results are listed in Table [3] along with the global oscillation 
properties that were used as observational constraints. In Fig- 
ure [3] we compare all of these results to the values obtained 
by AMP, again comparing the actual values and the differ- 
ences in units of the statistical uncertainty, a, computed as the 
quadratic sum of the uncertainties from the two methods be- 
ing compared. The horizontal coordinates for YB and SEEK 
have been shifted slightly to the left and to the right respec- 
tively (by ± 0.02 R Q , ± 0.02 M and ± 0.1 Gyr) to prevent 
the points from different methods overlapping. 

The top panel of Figure [3] shows that the different results 
for the radius agree quite well. By using additional infor- 
mation from spectroscopy, these methods generally improve 
upon the precision that is possible from empirical scaling re- 
lations. The median statistical uncertainties on the radius are 
1.4% for RADIUS, for YB, and + _ A 2 \% for SEEK. Al- 
though there are some outliers, the absolute level of agree- 
ment between the various methods is also quite encouraging. 
The mean systematic offsets (or relative accuracy) for each of 
the methods relative to AMP are - 1 .4 a for RADIUS, - 1 .2a 
for YB and +0.01 a for SEEK, implying a general tendency 
for the model-grid-based methods to slightly underestimate 
the stellar radius. These differences are related to the method 
used to find the best fit and to the different physics included in 
the stellar models. Note that SEEK and AMP use very similar 
input physics (See § 3.4). 

The middle panel of Figure [3] shows a larger dispersion in 
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Figure 3. Comparison of the radius (top), mass (middle), and age (bottom) 
from AMP with the values determined from three model-grid-based methods. 
The error bars represent the statistical uncertainties from each method, and 
the horizontal coordinates for YB and SEEK have been shifted slightly for 
clarity. The top of each panel compares the actual values from each method, 
while the bottom shows the differences from AMP in units of the statistical 
uncertainty (a), computed as the quadratic sum of the uncertainties from the 
methods that are compared. 
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Table 3 

Global oscillation properties from 1 month of data and model-grid-based results' 



KIC 


Quarter 


"ma* (/'Hz) 


(At/) (jjMz) 


Method 




M(M Q ) 


t (Gyr) 


3632418 


Q2.3 


1110±20 


60.63 ±0.37 


RADIUS 
YB 
SEEK 


1.80 ±0.02 

1 0^+0.03 

l.OJ Q 

i 03+0:04 


1.19 ±0.04 
j 22+0- 04 

Lz!< -0.06 


4.20 ±0.58 
4.65+0-^ 
2 67+o ; 4 2 

z -°'-041 


3656476 


Ql 


1940 ±25 


93.70 ±0.22 


RADIUS 
YB 
SEEK 


1.38±0.02 
1.28 ±0.02 
1.32±0.02 


1.29 ±0.06 

1.05 ±0.04 

1 05+0- 06 
lu;) -0.03 


5.04 ±1.56 
o cc+1.62 

O.OJ T -) | 

9 87+> :74 
y -°'-0.96 


4914923 


01 


1835 ±60 


88.61 ±0.32 


RADIUS 
YB 
SEEK 


1.40 ±0.02 

1.37" 

i 49+0:0! 

L H -0.04 


1.21 ±0.05 

1.12 ±0.05 

1 20+0- 06 
1 - -0.09 


5.04 ±1.44 
6.59+'-3° 
4 83+' : * 3 


5184732 


Q2.2 


2070 ±20 


95.53 ±0.26 


RADIUS 
YB 
SEEK 


1.38±0.02 
1.31 ±0.02 
1.33±0.02 


1.33 ±0.05 
1.15 ±0.07 

1 lfi+006 
1 - 1D -0.02 


3.57±1.14 
5.27+j 
5 07+° : ° 6 


5512589 


Q2.3 


1240 ±25 


68.52±0.33 


RADIUS 
YB 
SEEK 


1.60 ±0.02 

1.60+002 

— U.U3 

1 64+ 004 
i.o* „„, 


1.08 ±0.04 
1.05+0-04 

— U.Uj 
1 11+0-12 


8.76±1.14 

o C3+1-I8 
— 1.5ft 

8.75*| 


6106415 


Q2.2 


2285 ±20 


103.82 ±0.29 


RADIUS 
YB 
SEEK 


1.21 ±0.01 

1.24+002 

— U.U1 

1.33±0.03 


1.07 ±0.03 
1.10+004 
1 16+o ; o 6 


5.11 ±0.80 
4.96+1-20 
5 07+o ; 5o 


6116048 


Q2.2 


2120 ±20 


100. 14 ±0.22 


RADIUS 
YB 
SEEK 


1.16±0.01 

1.24+00' 

1 ■ 1 '-0.03 


0.86 ±0.03 
1.03 ±0.03 

u ' -0.05 


1 1.54 ±1.18 

7.23+HS 

7 02+1 :84 
'■ uz -1.42 


6603624 


Ql 


2405 ± 50 


110.28 ±0.25 


RADIUS 
YB 
SEEK 


1.18±0.02 
1.13 ±0.01 
1.18±0.02 


1.10 ±0.04 

1.01+0-06 

— U.U4 

1 09+0- 04 


8.23 ±1.67 
8.62+J-g 

7 7 ,+o:57 


6933899 


Q2.1 


1370 ±30 


72.15±0.25 


RADIUS 
YB 
SEEK 


1.59 ±0.02 
1.57 ±0.02 

1.60 ±0.03 


1.15 ±0.04 
1.10±0.04 

i i c+0.09 
1 - 1J -0.05 


6.31 ±1.13 
7.08+j .66 
5 40+1 .11 


7680114 


Q2.3 


1660 ±25 


85.13 ±0.14 


RADIUS 
YB 
SEEK 


1.39±0.02 

1 35+ 003 
-0.02 
i 44+0.02 


1.08 ±0.05 
1.03+0-M 

-0.03 
1 17+0.07 

ia '-0.115 


7.80±1.53 
8.91+'-?' 

—1.10 

6 93+ 2 -2i 

-3 W 


7976303 


Ql 


910±25 


50.95 ±0.37 


RADIUS 
YB 
SEEK 


1.93 ±0.02 

2.07+005 

— O.U/ 

1 98+ 003 


1.04 ±0.03 
l-l° + oo 5 S 

-u.ua 

1 05+0- 08 

1 - U;, -0.04 


5.57 ±0.61 
5.65+i- 3 5 
5 00+<™ 


8006161 


Q2.2 


3545 ±140 


148.21 ±0.19 


RADIUS 
YB 
SEEK 


0.96 ±0.01 
0.91 ±0.01 
0.93 ±0.02 


1.07 ±0.03 
"■ 7u -0.04 

1.00 ±0.02 


4.44 ±1.73 

5 46+° :3 ° 


8228742 


Ql 


1160 ±40 


63.15±0.32 


RADIUS 
YB 
SEEK 


1.70 ±0.02 

1 75+005 

i 73+0.05 


1.08 ±0.04 
1 18+0-05 

■ -0.06 
i 17+0.05 

l - 1 '-nm 


6.50 ±0.72 
5 52+1-01 

JJ -0.95 
9 77+1.58 
Z -"-0 10 


8379927 


Q2.1 


2880 ±65 


120.86 ±0.43 


RADIUS 
YB 
SEEK 


1.01 ±0.01 
1.13 ±0.02 
1.06 ±0.03 


0.84 ±0.03 
1.10±0.06 
Q8+0-05 


11.21 ±1.24 

3.22+2-00 
471+0:93 


8760414 


Ql 


25 10 ±95 


116.24 ±0.56 


RADIUS 
YB 
SEEK 


1.01 ±0.01 

1 04+002 

-0.01 
1.03 ±0.02 


0.78 ±0.01 
82+0-0| 

-0.01 

0.83 ±0.02 


13.64 ±0.22 

12 60+0-67 
u -0.01 
11.90±0.10 


10018963 


Q2.3 


985 ± 10 


55.99 ±0.35 


RADIUS 
YB 
SEEK 


1.81 ±0.07 

1.90+0* 

—0.03 
1 O3+0.10 

L - yj -nm 


1.04±0.12 

-U.Oo 

i 94+0 21 

1 - z ^-0 14 


5.13 ±1.22 
4.65_q gQ 
3.69+°-^ 


10516096 


Ql 


1710± 15 


84.15±0.36 


RADIUS 
YB 
SEEK 


1.36±0.03 
1.18±0.03 
1.41 ±0.03 


1.00 ±0.05 

1.02 ±0.04 

1 05+0-'° 
1 - -0.05 


8.13 ±1.52 

7 77+i-S 
'■' -1.59 

7 36+1- 74 


10963065 


Q2.3 


2160 ±35 


103.61 ±0.41 


RADIUS 
YB 
SEEK 


1.17±0.02 
1.19 ±0.03 
1.21 ±0.02 


0.95 ±0.04 
1 02+0 .06 

1M -0.07 
1 03+0 .07 
1 - -0.05 


7.62 ±1.54 

7 07+! £4. 
' —1-95 
4 99+1 26 
^•"-0.77 


11244118 


Q2.1 


1405 ±20 


71.68±0.16 


RADIUS 
YB 
SEEK 


1.71 ±0.03 

1 57+003 

,J -0.02 

1.63 ±0.02 


1.44 ±0.07 
1 14^R| 

-0.06 

1.29 ±0.02 


3.95 ±1.21 
7 50+108 

^ -1.18 
1 79+O.IO 
1 - ''-0 13 


11713510 


Ql 


1235 ± 15 


69.22 ±0.20 


RADIUS 
YB 
SEEK 
















1.60 ±0.06 


1 04+0 .14 
1 - u ^-0 07 


7 33+1 .14 
'■ JJ -1.47 


12009504 


Ql 


1825 ±20 


88. 10 ±0.42 


RADIUS 
YB 
SEEK 


1.34±0.02 

1.39 ±0.02 

1.40 ±0.03 


1.03 ±0.05 
1. 14+0 04 

i 1 0+8:85 

!- 1S -0.03 


6.77 ±1.15 
5 02+ - 97 

1 -^ u -0.47 


12258514 


Ql 


1475 ±30 


74.75 ±0.23 


RADIUS 
YB 
SEEK 


1.56±0.03 

i cc+O.03 

l.JJ_ 004 
1.65 ±0.02 


1.17 ±0.05 
1.16 ±0.06 

1 37+O.O3 
J - -0.04 


5.62±1.12 
5.91 ±1.31 

2 30+0-24 

z - JU -o.io 



a t/max is the frequency of maximum power and (At/) is the mean large frequency separation computed as described in S I2.1I For 
each star and method, we list the radius (R), the mass (M), and the age (f). Quoted errors include only the statistical uncertainties. 
See 0for a discussion of the systematics. 
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the values of the mass derived from model-grid-based meth- 
ods compared to the radius, but the overall agreement is still 
reasonable. The three methods all yield a median mass pre- 
cision in the range 4-6%, again providing some improve- 
ment over empirical scaling relations. There is some indica- 
tion of a mass-dependent systematic error in the results from 
model-grid-based methods compared to the values obtained 
with AMP, with the former more severely underestimating the 
mass at higher masses. However, the relative accuracy is still 
reasonable with mean systematic offset relative to AMP of 
-1.5 a for RADIUS, -1 a for YB and -0.2 a for SEEK. Most 
of the stars that show significant disagreement between the 
values of the radius and mass derived from model-grid-based 
methods and those derived from fitting the individual frequen- 
cies with AMP are evolved stars with mixed modes. This un- 
derscores the potential for slight biases in the analysis of such 
targets when fitting only the global oscillation properties with 
stellar models. The larger systematic offsets in radius and 
mass for the grid-based methods compared to the scaling re- 
lations, in terms of a, is related to the fact that a depends on 
the internal uncertainties. 

Finally, the bottom panel of Figure [3] compares the stel- 
lar ages estimated by the different methods. The scatter in 
the derived values is even larger than for the mass, but when 
the differences are normalized by the quoted uncertainties the 
overall agreement looks more reasonable. The median age 
precision from the model-grid-based methods ranges from 15 
to 21%, and the mean offset relative to AMP is +1.5 a for 
RADIUS, +0.8a for YB and -0.2 a for SEEK. Once again 
there is some indication of a trend in the systematic errors, 
with the model-grid-based methods more seriously overes- 
timating the age for the youngest stars. For main sequence 
stars, the small separation provides the strongest constraint 
on t he age in the absen ce of fitting the individual frequen- 
cies (IWhite et al.ll201 lab . However, not all of the model-grid- 
based methods include the small separation as a constraint. 
This is the case for RADIUS, which exhibits the largest mean 
systematic offset in the ages compared to AMP. Only one 
of the four grids employed by the YB method tabulates the 
small separation, so this method is known to provide less re- 
liable ages for single stars dGai et al.112.01 ll) . SEEK is the only 
method that fully incorporates the observed small separation 
in the fitting, yielding ages that are most consistent with AMP. 

4.3. AMP results 

The most precise results for the radius, mass, and age came 
from using AMP to fit the individual oscillation frequencies, 
along with the spectroscopic and other observational con- 
straints (see The empirical correction for surface ef- 
fects and the corrected model frequencies are tabulated in Ap- 
pendix [A] (available in the online material) with the observed 
frequencies for each target. An example is shown in Table Q] 
where we include the model frequencies for several radial or- 
ders above and below the range of observed modes to facili- 
tate the identification of newly detected modes in the longer 
data sets that are expected for these stars in the future. 

In Figure |4] we show a sample echelle diagram where the 
observed and model frequencies are compared graphically. In 
this representation of the data, we divide the oscillation spec- 
trum into segments of length (Av) and stack them so that 
modes with the same spherical degree are aligned almost ver- 
tically, with quadrupole (£ = 2) and radial (£ = 0) modes to- 
gether on one side of the diagram and dipole (£ = 1) modes 
on the other side. Against the background of the smoothed 
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Figure 4. Echelle diagram for KIC 4914923 with the observed frequencies 
(solid pink points) and the frequencies of the optimal model obtained with 
AMP (open white symbols). The circles, triangles, and squares represent the 
modes with i = 0, i = 1, and I — 2 respectively. The background is a smoothed 
color-map of the power spectrum obtained from 1 month of Kepler data. 

power spectrum, the observed frequencies are shown as solid 
pink symbols with error bars and the model frequencies are 
shown as open white symbols. Without the empirical correc- 
tion for surface effects, the offset between the observations 
and the model at high frequencies would be up to ~8 /iHz, so 
incorporating this correction into our model-fitting procedure 
was essential to obtain a reasonable agreement. The exam- 
ple shown in Figure [4] is typical of the quality we obtained 
with AMP, and similar echelle diagrams are included in Ap- 
pendix |B] (available in the online material) for each of the 22 
stars in our sample. 

The properties of the optimal models from AMP are listed 
in Table |4j including the values and statistical uncertainties 
of the adjustable model parameters (M,Z,Y[,a,t), as well as 
the stellar radius, the magnitude of the surface correction at 
f-Wx (aoX an estimate of the model fractional radius at the 
base of the surface convection zone (rcz), and the value of the 
normalized Xs e ; s fr° m Eq. ©. The spectroscopic and other 
properties of the models obtained by AMP are listed in Ta- 
ble |2] with the corresponding observational constraints and 
the value of the normalized Xspec fr° m Eq. Q. By fitting 
the individual oscillation frequencies instead of the global os- 
cillation properties, we have further improved the precision 
on the radius, mass, and age. The median value of the inter- 
nal uncertainties on the radius is 0.8%, a factor of two bet- 
ter than the best of the model-grid-based methods. For the 
mass AMP yields a median precision of 1.2%, a factor of 
five improvement over the model-grid-based results. Most 
significantly, the asteroseismic ages from AMP have a me- 
dian statistical uncertainty of 2.5%, nearly an order of mag- 
nitude more precise than the model-grid-based methods. In- 
deed, the strongest constraints on the stellar age come from 
the observation of mixed mo des in subgiants (Metcal fe et alj 
l2010t iDeheuvels et al.l l2010). where the age precision can be 
better than 1%. 

The absolute accuracy of the derived stellar properties (i.e. 
the influence of possible systematic errors) is more difficult to 
assess than the internal precision. However, the level of agree- 
ment between the results from AMP and the empirical scaling 
relations and model-grid-based methods (see Figures|2]and[3]i 
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Table 4 

Properties of the optimal models and surface correction from AMP results 



KIC 



R(R Q ) 



M(M ) 



t (Gyr) 



a 



rcz(R) 



do 



X 2 - 



3632418 
3656476 
4914923 
5184732 
5512589 
6106415 
6116048 
6603624 
6933899 
7680114 
7976303 
8006161 
8228742 
8379927 
8760414 
10018963 
10516096 
10963065 
11244118 
11713510 
12009504 
12258514 



1.84±0.01 
1.32 ±0.03 
1.37 ±0.05 
1.36±0.01 
1.67 ±0.01 
1.24±0.01 
1.26±0.01 
1.15±0.01 
1.58±0.01 
1.45 ±0.03 
2.03 ±0.05 
0.93 ±0.00 
1.84±0.01 
1.11 ±0.02 
1.02 ±0.01 
1.91 ±0.01 

1.42 ±0.03 
1.20 ±0.09 
1.55 ±0.01 
1.57±0.01 

1.43 ±0.04 
1.59±0.01 



1.28±0.01 
1.09 ±0.01 
1.10±0.01 
1.25±0.01 
1.16±0.01 
1.12±0.02 
1.12±0.02 
1.01 ±0.01 
1.10±0.01 
1.19±0.01 
1.17±0.02 
1.00±0.01 
1.31 ±0.01 
1.09 ±0.03 
0.81 ±0.01 
1.17±0.01 
1.12±0.03 
1.03 ±0.03 
1.01 ±0.01 
1.00 ±0.00 
1.26 ±0.02 
1.22±0.01 



3.16±0.05 

7.71 ±0.22 
6.18±0.18 
3.98 ±0.11 
7.68 ±0.04 

4.72 ±0.12 
5.26±0.13 
8.51 ±0.23 
6.28±0.15 

5.92 ±0.20 

5.81 ±0.03 
4.28 ±0.12 
4.26 ±0.02 
3.28±0.16 
13.35±0.38 
3.66 ±0.02 
6.41 ±0.27 
3.90 ±0.04 

8.93 ±0.04 

7.82 ±0.04 
3.54±0.12 
4.49 ± 0.09 



0.0121 ±0. 
0.0309 ±0. 
0.0203 ±0. 
0.0413 ±0. 
0.0203 ±0. 
0.0173 ±0. 
0.0134±0. 
0.0299 ±0. 
0.0191 ±0. 
0.0210±0. 
0.0100±0. 
0.0309 ±0. 
0.0173 ±0. 
0.0162±0. 
0.0034 ±0. 
0.0107 ±0. 
0.0147 ±0. 
0.0107 ±0. 
0.0280 ±0. 
0.0100±0. 
0.0168 ±0. 
0.0197±0. 



0001 
0024 
0020 
0026 
0004 
0014 
0013 
0027 
0008 
0010 
0010 
0026 
0002 
0029 
0004 
0001 
0019 
0012 
0001 
0001 
0015 
0005 



0.256 ±0.002 
0.278 ±0.001 
0.267 ±0.001 
0.280 ±0.007 
0.234 ±0.001 
0.246 ±0.013 
0.220 ±0.017 
0.284 ±0.010 
0.282 ±0.001 
0.240 ±0.013 
0.225 ±0.001 
0.258 ±0.015 
0.228 ±0.001 
0.234 ±0.032 
0.220 ±0.018 
0.291 ±0.001 
0.232 ±0.022 
0.271 ±0.020 
0.318 ±0.002 
0.265 ±0.001 
0.220 ±0.007 
0.262 ± 0.004 



1.68 ±0.02 
1.96 ±0.06 
1.90 ±0.07 
1.96 ±0.08 
1.86 ±0.02 
2.00 ±0.08 
1.94 ±0.07 
1.84 ±0.07 
1.98 ±0.05 
2.00 ±0.14 
1.66 ±0.01 
1.84 ±0.09 
1.76±0.01 
1.66±0.16 
1.82 ±0.08 
2.12±0.01 
1.88 ±0.13 
1.66±0.10 
2.16±0.01 
2.10±0.01 
1.86±0.11 
1.78 ±0.05 



a o« 1+0.003 
U - 8M -0.002 

UD/ ' -0.010 
n 7? c+0.013 
—0.025 
D 77 8+0007 
U - /28 -0.007 

n 7OO+0.010 

U - /Zii -0.QW 
a 7 cn+0.007 

762+ 0007 

u - /OZ -Q.Q10 

672+ 0003 
ft 71 4+0.010 
u - ' 1H -0.010 
a 7 1 O+0.008 
u - ' iz -0.009 

0.755!;!° 
0.685» 

a O77+0.001 
U - 82/ -0.001 

A 7CQ+0.010 

U - '->°-0.018 
a 771+O.OIO 

-QQ12 

A QTC+O.OOl 

U - 8/:, -Q.Q01 
a 74 c+0.018 

-QQ1S 

8O9 +0 ° 15 
U '° uy -0.015 
A cqo+0.010 

u.jyo_g.g 10 

U - DVU -Q.Q10 
a 8Q9+0 006 
u -° uy -Q.017 

7 5 5+0.005 



-1.96 
-4.87 
-4.91 
-3.92 
-2.57 
-4.24 
-3.82 
-4.71 
-3.29 
-2.32 
-1.81 
-6.64 
-2.60 
-4.55 
-5.30 
-1.59 
-3.64 
-5.39 
-0.91 
-3.17 
-3.24 
-3.05 



5.9 
3.2 
6.1 
7.2 
4.7 
4.6 

12.5 
1.9 
3.6 
5.9 
7.7 
4.2 
9.8 
3.8 
6.5 

12.6 
1.1 
3.0 
6.2 
4.7 
4.7 

14.4 



For each star, we give the radius (R), the mass (M), the age (?), the metallicity (Z), the initial He mass fraction (7,), the mixing-length parameter (a), position of the 
base of the convection zone (rczX and the size of the surface correction at u mdx (uq) in /xHz for the optimal model from AMP. The normalized xLi* i s calculated from 
Eq. @. Quoted errors include only the statistical uncertainties. See @for a discussion of the systematics. 



suggests that the systematic errors are comparable to the sta- 
tistical uncertainties on the differences between various meth- 
ods. The largest offsets from the AMP values for the radius, 
mass, and age were ~1.5 a for the RADIUS method, which 
uses models with the simplified EFF equation of state. The 
smallest differences (~0.2 tr) came from the SEEK method, 
which uses nearly the same models as AMP but without in- 
cluding diffusion and gravitational settling of helium. The 
uncertainties quoted by the YB method include a contribution 
from the dispersion of the results across four different model 
grids, and thus incorporate some systematics which typically 
agree with the AMP results at the ~ 1 a level. Even so, we 
note that there may be additional uncertainties and errors in 
the modeling methods and physics, which could contribute to 
systematic errors on the inferred properties. 

We attempted to quantify the possible systematic errors 
arising from our treatment of surface effects by modifying 
the weighting scheme that AMP uses when fitting the oscil- 
lation frequencies. The default scheme is to weight each fre- 
quency according to its statistical uncertainty. An alternative 
is to treat the emp irical surface correction a s a systematic er- 
ror in the models (Guent her & Brow n 2004), and to combine 
half of this systematic in quadrature with the statistical un- 
certainty before determining the value of the normalized xiLis- 
The surface correction is calculated and applied just as before, 
but the weights of the highest frequencies are dramatically re- 
duced and AMP is essentially biased towards fitting the low 
frequencies, where the surface correction is almost negligi- 
ble. For unevolved stars in the asymptotic regime where the 



ridges in the echelle diagram are nearly vertical, models that 
fit well at lower frequencies will usually also fit the higher fre- 
quency modes. The alternate weighting scheme is not appro- 
priate for stars that do not show asymptotic ridges (e.g. sub- 
giants with mixed modes) because a fit to the low frequency 
modes will not generally lead to a reasonable match at higher 
frequencies. We repeated our fitting with AMP using this al- 
ternate weighting scheme for the subset of stars in our sample 
that showed clean vertical ridges in the echelle diagram (KIC 
5184732, 6106415, 6116048, 6603624, 8006161, 10516096, 
10963065). The mean offsets between the resulting sets of 
model parameters were AM = +0.01 M Q , Af = -0.25 Gyr, 
AZ = +0.0005, AYi = +0.008, and Aa = -0.06 suggesting 
that the changes are comparable to the mean uncertainties and 
our treatment of surface effects does not strongly bias the re- 
sults. Note that the mean offsets may not be appropriate in ev- 
ery case and at best represent a fraction of the true systematic 
uncertainties, so we only include the statistical uncertainties 
in Table g] 

Fitting the individual frequencies gives AMP access to in- 
formation that is not available from the global oscillation 
properties, so it can provide additional information such as 
the composition and mixing-length for the optimal models. 
The metallicity is primarily constrained by the spectroscopic 
[Fe/H], but it also has a strong influence on the stellar struc- 
ture. If there is a conflict between the spectroscopic and aster- 
oseismic constraints, the result will be an optimal model that 
does not satisfy either set of constraints very well. The two 
stars with the largest values of the normalized x 2 Dec in Table|2] 
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also have the lowest spectroscopic metallicities: KIC 7976303 
with [Fe/H] = -0.52 and KIC 8760414 with [Fe/H] = -1.19. 
In both cases AMP identified a reasonable match to the aster- 
oseismic constraints (normalized xteis ~ 7, see Table 0J, but 
only by deviating significantly from the spectroscopic con- 
straints. These problems could be related to the observed 
spectra, the abundance analysis or inadequacies in the stellar 
models underlying AMR 

Extreme values of the derived stellar properties are gen- 
erally the sign of a problem with one or more of the ob- 
servational constraints. In addition to the lowest metallicity, 
KIC 8760414 also has the lowest derived mass and the old- 
est inferred age in the sample, and it is one of several stars 
with an initial helium mass fraction well belo w the standard 
Big B ang nucleosynthesis value of Y\ = 0.248 ( Sperg eTet alj 
2007). We allowed AMP to search these low values of Y[ to 
allow for possible system atic errors, which is a common prob- 
lem i n stellar modeling (Casagran de et alJl2007t iTroisi et alJ 
l20llh . Low values of Y\ are also found for KIC 8228742 (the 
highest derived mass) and KIC 7976303 (the largest radius 
and lowest mixing-length). The largest value of Y\ is found 
for KIC 1 12441 18, which also has the highest mixing-length. 

The radial extent of the convection zone (fez) is important 
to characterize dynamo processes and to determine the surface 
amplitudes of gravity modes. The values of rcz listed in Ta- 
bleware estimates from the optimal model of AMP, thus for a 
given physics. Their internal errors have been computed with 
the 1 a models. An analysis of the acoustic glitches is neces- 
sary to yield a more precise and accurate estimate (Mazumdar 
et al. in preparation). 

The stars with the largest values of the normalized x^ eis in 
Table |4] either have exceptional precision for some frequen- 
cies or a potential misidentification of one or more oscillation 
modes. For example, the echelle diagrams of KIC 6 1 16048 
(see Figure lB7l> and KIC 12258514 (see Figure lB22l in Ap- 
pendix |B] show that the AMP model is in very good agree- 
ment with the observed frequencies, but the disagreements 
involve some frequen cies w ith very small error bars. For 
KIC 10018963 (Figure iBlBI the AMP model reproduces the 
observed pattern of frequencies almost exactly (including an 
£=\ avoided crossing) except for the highest frequency £ = 
mode and the second highest I = 1 mode, which both devi- 
ate significantly from the expected asymptotic behavior. Even 
with the careful procedure for id entif ying a minimal list of fre- 
quencies for model-fitting (see §12. Il l, the low signal-to-noise 
ratio at the highest and lowest frequencies sometimes leads to 
confused or spurious mode identifications. Longer data sets 
with better signal to noise will ultimately resolve such ambi- 
guities. 

With this first application of the empirical surface correc- 
tion to a large sample of solar-type stars, we can explore the 
behavior of the derived surface correction amplitude oq. We 
performed linear regressions to search for any correlation of 
ao with various combinations of logoff, \ogg, and [Fe/H]. 
We identified a strong correlation with the asteroseismic logg 
(see upper panel of Figure |5), and statistically insignificant 
correlations with T e g and metallicity. There may still be a 
correlation with T e ff, but the small 0.07 dex-range of T e s in 
this sample (compared to the 0.6 dex-range in logg and 1.6 
dex-range in [Fe/H]) makes it undetectable. In the lower 
panel of Figure [5] we show ao/(Av) versus logg, revealing 
that the distribution is relatively fiat. This finding, that ao is 
roughly a fixed fraction of (Av) for most stars, is entirely 




Figure 5. Upper panel: Amplitude of the empirical surface correction at 
k'max (ao) as a function of the asteroseismic surface gravity logg for the 
22 stars in our sample. Lower panel: Amplitude of the empirical surface 
correction at ^ max (ao) normalized by the mean large frequency separation 
(Ai/) as a function of the asteroseismic surface gravity logg for the 22 stars 
in our sample. 



consistent with the conclusion by White et al. (2011b) that e 
[the phase shift in the asymptotic relation, see their Eq. (1)] 
differs from theoretical models by a roughly constant offset. 
Whether these results will provide some insight into the de- 
ficienc ies of stellar models relative to 3D convection simula- 
tions (Tramped ach & Steinll201 lb remains to be seen. 

5. CONCLUSIONS 

We have completed the first uniform asteroseismic analysis 
of a large sample of 22 solar-type stars with the highest signal- 
to-noise ratio, observed for 1 month each during the first year 
of the Kepler mission. By fitting the individual frequencies 
instead of the global oscillation properties, we have improved 
the internal statistical precision on the derived values of the 
stellar radius, mass, and age. This result has implications for 
the study of exoplanet host stars, where these quantities can 
improve the characterization of the transiting planetary sys- 
tem. Although the absolute accuracy is more difficult to as- 
sess, the excellent agreement between the empirical scaling 
relations and several different fitting methods suggests that 
the systematic uncertainty is comparable to the statistical pre- 
cision. 

Adopting the results from the Asteroseismic Modeling Por- 
tal (AMP) as the reference for our comparisons, we quanti- 
fied the precision and accuracy relative to AMP of asteroseis- 
mic determinations of radius, mass, and age that are possi- 
ble using various methods. Empirical scaling relations based 
on the global oscillation properties ((Av), v m . dx ) and T e a can 
provide estimates of the stellar radius to a precision of 3% 
and the stellar mass to a precision of 9%. There is a ten- 
dency for scaling relations to slightly overestimate both the 
radius (+0.3cr) and the mass (+0.4er) relative to AMP results 
(where a is the quadratic sum of the uncertainties from the 
two methods being compared). Model-grid-based methods 
can use additional observational constraints (logg, [Fe/H], L) 
to achieve a radius precision as good as 1.4%, a mass preci- 
sion of 4-6% and an age precision of 15-21%. These methods 
tend to slightly underestimate the radius (up to -1 A a) and the 
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mass (up to - 1 .5 a), while slightly overestimating the age (up 
to +1.5 a) compared to AMP results. AMP incorporates an 
empirical correction for surface effects (Kiel dsen et al.ll2008h 
to provide a fit to the individual frequencies instead of the 
global oscillation properties by computing ~ 10 5 models for 
each star, yielding a radius precision of 0.8%, a mass pre- 
cision of 1.2% and an age precision of 2.5%. These results 
demonstrate that the precision gradually improves as more 
information is used in the fitting. An attempt to quantify 
the possible systematic errors associated with our treatment 
of surface effects resulted in mean offsets for the values of 
the adjustable model parameters for stars with clean mode 
ridges, (AM = +0.01 M , At = -0.25 Gyr, AZ = +0.0005, 
AYi = +0.008, and Aa = -0.06) that are comparable to the 
statistical uncertainties. By using the additional information 
contained in the individual frequencies, AMP also yields the 
stellar composition and mixing-length. Further improvements 
of the physics of the models such as including rotation and 
non-adiabatic effects may eliminate the necessity of using an 
empirical surface correction. The AMP website0 contains an 
archive with complete details for the 22 models we present in 
this paper, including profiles of the interior structure and a full 
list of low-de gre e oscillation frequencies. The source code is 
also availablq3> but as a service to the community it can be 
run directly on TeraGrid supercomputers from the website. 

The largest outliers from our uniform model-fitting ap- 
proach with AMP (see Tables [2] and |4|i appear to arise from 
complications in the data analysis. Even with a careful pro- 
cedure for validating the frequencies and the identification of 
modes extracted from the oscillation power spectrum, there 
remain some difficulties at the highest and lowest frequencies 
where the signal-to-noise ratio becomes marginal. One or two 
misidentified or spurious frequencies can boost the value of 
Xs eis and bias the resulting model-fit. The longer data sets 
on these targets that will be obtained by Kepler in the future 
promise to improve the signal-to-noise ratio and resolve these 
few ambiguities. The typical values of the normalized x^ eis 
are still larger than 1, which may be due to the physics used 
in the models but also to the influence of stellar magnetic cy- 
cles or underestimated uncertainties on the frequencies. Stel- 
lar activity is known to induce systematic shifts in the p-mode 
frequencies dGarcfa et al.1 120101 ISalabert et all 1201 ll) with a 
magnitude comparable to the typical statistical uncertainties 
for our sample. Stars observed near the the maximum of their 
magnetic cycles may show elevated values of the normalized 
Xs e i s and slight biases in their derived properties. The stars 
in our sample with the lowest metallicities ([Fe/H] < -0.3) 
presented the greatest challenge for AMP to reconcile the as- 
teroseismic and spectroscopic constraints. This may be due 
to complications in the spectroscopic analysis for metal-poor 
stars, deficiencies in our stellar models at low metallicity, or 
both. Additional spectroscopic data and independent model- 
ing efforts will ultimately address the source of these issues 
with low metallicity stars. The feedback loop between new 
asteroseismic observations and model development will grad- 
ually improve our understanding of stellar evolution. 

After completing an asteroseismic survey of nearly 2000 
solar-type stars during the first year of its mission, Kepler be- 
gan collecting longer data sets for several hundred of the best 
targets. A preview of what is possible with extended obser- 

9 The AMP website is at http://amp.ucar.edu/ 

20 The AMP source code is at https://proxy.subversion.ucar.edu/AMP/ 



vation s can be found in Mathu fet al.l d201 ll) . ICampante et al.l 
d2011l) . ICreevev et al.l (12012b . Brandao et al. (in preparation) 
and Dogan et al. (in preparation), who performed analysis and 
modeling of several stars that were observed for 8 months dur- 
ing the survey phase of the mission. These targets are rela- 
tively faint compared to the brightest stars that are being ob- 
served during the specific target phase of the mission, so we 
can expect many new surprises as Kepler continues its census 
of the galactic neighborhood. 
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A. FREQUENCY TABLES 
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Table Al 

Observed and model frequencies for KIC 3632418 



£ 


n 


zA,hc (uHz) 


Vrcrr (uHz) 
LUii v r / 


a v (/iHz) 





10 




679.65 


-0.24 





11 




737.76 


-0.34 





12 




796.24 


-0.48 





13 


856.50±0.61 


856.79 


-0.65 





14 


918.59±0.42 


917.42 


-0.88 





15 


979.48 ±0.38 


978.29 


-1.15 





16 


1039.31 ±0.35 


1038.03 


-1.49 





17 


1098.75 ±0.42 


1098.89 


-1.90 





18 


1158.95±0.34 


1159.75 


-2.40 





19 


1221.73 ±0.36 


1221.67 


-3.01 





20 


1282.72 ±0.32 


1282.92 


-3.71 





21 


1340.86±0.39 


1344.34 


-4.55 





22 


1404.69 ±0.53 


1405.35 


-5.51 





23 


1467.09 ±0.46 


1466.45 


-6.63 





24 




1527.60 


-7.92 





25 




1588.33 


-9.39 


1 


10 




705.74 


-0.28 


1 


11 




763.37 


-0.40 


1 


12 




823.02 


-0.55 


1 


13 


884.65 ±0.60 


883.45 


-0.74 


1 


14 


947.70 ±0.92 


944.35 


-0.99 


1 


15 


1005.31 ±0.37 


1004.47 


-1.29 


1 


16 


1064.46 ±0.39 


1064.57 


-1.66 


1 


17 


1125.57±0.36 


1125.44 


-2.11 


1 


18 


1187.57±0.39 


1186.66 


-2.65 


1 


19 


1248.38 ±0.45 


1248.50 


-3.30 


1 


20 


1308.33 ±0.35 


1309.58 


-4.06 


1 


21 


1371. 44 ±0.37 


1371.09 


-4.95 


1 


22 


143 1.96 ±0.50 


1431.88 


-5.98 


1 


23 




1493.34 


-7.18 


1 


24 




1554.14 


-8.54 


1 


25 




1615.22 


-10.10 


2 


10 




733.46 


-0.34 


2 


11 




791.54 


-0.46 


2 


12 


849.94 ±0.79 


852.08 


-0.64 


2 


13 




912.69 


-0.86 


2 


14 


974.52 ±0.45 


973.66 


-1.13 


2 


15 


1033.86±0.41 


1033.41 


-1.46 


2 


16 


1095 32 ±0 45 


1094.23 


-1.87 


2 


17 


1154.85 ±0.46 


1155.10 


-2.36 


2 


18 


1215.82±0.50 


1217.00 


-2.96 


2 


19 


1277.83 ±0.44 


1278.38 


-3.66 


2 


20 




1339.81 


-4.48 


2 


21 


1399.98±0.76 


1400.99 


-5.44 


2 


22 


1462.06 ±0.48 


1462.11 


-6.55 


2 


23 




1523.45 


-7.83 


2 


24 




1584.27 


-9.29 


2 


25 




1645.33 


-10.96 



+ f bs is the observed frequency, v corr is the model frequency from 



AMP after applying the surface corrections, and a v is the size of 
the surface correction. Same note apply to Tables lA2l to lA22l 

Radial order n from the optimal model. Same note apply to 
TablesfA2]to|A22] 
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Table A2 

Observed and model frequencies for KIC 3656476 



I 


n 


ODS \r" / 


Vcmr (W-Hz) 
LUIT v r / 


a,, (uHz) 





14 




1442.87 


-1.39 





15 




1535.03 


-1.81 





16 




1626.69 


-2.32 





17 


1719.75 ±0.23 


1719.21 


-2.95 





18 


1812.50±0.14 


1812.61 


-3.70 





19 


1905.16 ±0.30 


1905.82 


-4.59 





20 


1998.70±0.13 


1998.96 


-5.65 





21 


2092.69 ±0.26 


2092.17 


-6.88 





22 




2185.27 


-8.30 





23 




2278.73 


-9.96 


1 


14 




1483.50 


-1.56 


1 


15 




1575.36 


-2.02 


1 


16 


1668.63 ±0.20 


1667.71 


-2.58 


1 


17 


1761.00 ±0.20 


1760.72 


-3.26 


1 


18 


1854.17 ±0.08 


1854.30 


-4.08 


1 


19 


1947.69 ±0.24 


1947.88 


-5.05 


1 


20 


2040.96 ±0.15 


2041.06 


-6.18 


1 


21 


2134.21 ±0.22 


2134.50 


-7.50 


1 


22 




2228.16 


-9.03 




23 




2321.71 


- 10.80 


2 


14 




1 529 09 


- 1 78 


2 


15 




1620.93 


-2.29 


2 


16 




1713.70 


-2.91 


2 


17 


1807.82 ±0.14 


1807.36 


-3.65 


2 


18 


1901.10±0.23 


1900.86 


-4.54 


2 


19 


1994.28 ±0.16 


1994.36 


-5.59 


2 


20 


2088.39 ±0.29 


2087.88 


-6.81 


2 


21 




2181.32 


-8.24 


2 


22 




2275.15 


-9.89 


2 


23 




2368.99 


-11.79 
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Table A3 

Observed and model frequencies for KIC 4914923 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


Vcmr (/iHz) 


a„ (uHz) 





13 




1276.12 


-1.04 





14 




1364.28 


-1.39 





15 




1451.43 


-1.81 





16 




1538.78 


-2.32 





17 


1626.83 ±0.77 


1626.76 


-2.95 





18 


1715.26 ±0.24 


1715.67 


-3.72 





19 


1804.44 ±0.30 


1804.51 


-4.62 





20 


1893.09 ±0.33 


1893.02 


-5.68 





21 


1981.63±0.33 


1981.73 


-6.93 





22 


2070.74 ±0.30 


2070.32 


-8.38 





23 




2159.22 


- 10.05 





24 




2248.07 


-11.98 


1 


13 




1314.87 


-1.18 


1 


14 




1402.85 


-1.56 


1 


15 


1491.40 ±0.24 


1489.86 


-2.02 


1 


16 


1577.98 ±0.12 


1577.59 


-2.59 


1 


17 


1666.62 ±0.49 


1666.31 


-3.28 


1 


18 


1755.24 ±0.28 


1755.23 


-4.10 


1 


19 


1844.23 ±0.32 


1844.26 


-5.08 


1 


20 


1932.32 ±0.30 


1932.91 


-6.22 


1 


21 


2021.42 ±0.30 


2021.73 


-7.55 


1 


22 




2110.80 


-9.11 


1 


23 




2199.71 


- 10.90 


1 


24 




2288.79 


- 12.96 


2 


13 




1357.97 


-1.36 


2 


14 




1445.35 


-1.78 


2 


i <; 




1 532 79 


-2.29 


2 


16 


1619.51 ±0.90 


1620.88 


-2.91 


2 


17 


1709.17 ±0.33 


1710.00 


-3.66 


2 


18 


1799.55 ±0.17 


1799.04 


-4.56 


2 


19 


1886.13±0.22 


1887.82 


-5.62 


2 


20 


1976.24 ±0.23 


1976.78 


-6.85 


2 


21 




2065.62 


-8.29 


2 


22 




2154.82 


-9.96 


2 


23 




2243.94 


-11.89 


2 


24 




2332.79 


- 14.08 
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Table A4 

Observed and model frequencies for KIC 5184732 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


LUIT v r / 


a,, (uHz) 





13 




1376.70 


-0.69 





14 




1472.42 


-0.92 





15 




1568.22 


-1.21 





16 


1661.99 ±0.26 


1662.74 


-1.56 





17 


1757.40 ±0.22 


1756.60 


-1.97 





18 


1851.65±0.32 


1851.20 


-2.47 





19 


1946.49 ±0.30 


1946.45 


-3.06 





20 


2042.89 ± 0.23 


2042.45 


-3.77 





21 


2138.02 ±0.26 


2138.20 


-4.59 





22 


2234.82 ±0.28 


2233.65 


-5.55 





23 


2329.25 ±0.21 


2329.26 


-6.65 





24 


2424.02 ±0.22 


2424.69 


-7.91 





25 


2518.26 ±0.41 


2520.59 


-9.36 





26 




2616.39 


-11.00 





27 




2712.03 


- 12.86 


1 


13 




1420.43 


-0.79 


1 


14 




1516.55 


-1.05 


1 


15 


1612.73±0.14 


1611.79 


-1.36 


1 


16 


1705.47 ±0.29 


1706.26 


-1.74 


1 


17 


1801.06 ±0.27 


1800.39 


-2.19 


1 


18 


1895.75 ±0.26 


1895.61 


-2.73 


1 


19 


1991.29 ±0.26 


1991.66 


-3.38 


1 


20 


2087.57 ±0.18 


2087.69 


-4.14 


1 


21 


2182.61 ±0.33 


2183.82 


-5.03 


1 


22 


2278.57 ±0.26 


2279.48 


-6.05 


1 


23 


2374.59 ±0.16 


2375.35 


-7.24 


1 


24 


2471.22 ±0.25 


2471.47 


-8.59 


1 


25 


2570.78 ±0.74 


2567.48 


-10.13 


1 


26 




2663.79 


-11.89 


1 


27 




2759.62 


-13.87 


2 


13 




1465.02 


-0.90 


2 


14 




1561.02 


-1.19 


2 


15 


1655.03 ±0.39 


1655.73 


-1.53 


2 


16 


1749.44 ±0.32 


1749.83 


-1.94 


2 


17 


1844.33 ±0.22 


1844.55 


-2.43 


2 


18 


1940.21 ±0.35 


1939.99 


-3.02 


2 


19 


2036.42 ±0.30 


2036.28 


-3.72 


2 


20 


2133.04 ±0.45 


2132.29 


-4.54 


2 


21 


2229.00 ±0.34 


2228.10 


-5.49 


2 


22 


2326.08 ± 0.40 


2324.00 


-6.58 


2 


23 


2419.70 ±0.86 


2419.73 


-7.84 


2 


24 




2515.98 


-9.28 


2 


25 




2612.08 


- 10.92 


2 


26 




2708.08 


- 12.78 


2 


27 




2804.07 


-14.87 
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Table A5 

Observed and model frequencies for KIC 5512589 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


Vcmr (W-Hz) 

LUIT **-V 


a„ (uHz) 





11 




846.20 


-0.50 





12 




914.19 


-0.70 





13 




981.66 


-0.95 





14 




1048.46 


-1.26 





15 




1115.80 


-1.64 





16 


1184.09 ±0.33 


1183.92 


-2.12 





17 


1252.54 ±0.37 


1252.37 


-2.71 





18 


1321.08±0.20 


1320.77 


-3.40 





19 




1389.05 


-4.23 





20 


1456.89 ±0.20 


1457.55 


-5.21 





21 




1526.25 


-6.37 





22 




1594.88 


-7.71 


1 


11 




877.12 


-0.58 


1 


12 




944.19 


-0.80 


1 


13 


1010.26 ±0.24 


1010.94 


-1.08 


1 


14 


1077.93 ±0.23 


1077.50 


-1.42 


1 


15 


1145. 16 ±0.29 


1144.93 


-1.84 


1 


16 


1212.63 ±0.27 


1213.18 


-2.36 


1 


17 


1281.51 ±0.40 


1281.43 


-2.99 


1 


18 


1349.42 ±0.35 


1349.64 


-3.74 


1 


19 


1418.84 ±0.27 


1417.98 


-4.63 


1 


20 


1486.16 ±0.24 


1486.45 


-5.68 


1 


21 




1555.14 


-6.91 


1 


22 




1623.78 


-8.33 


2 


11 




976.18 


-0.93 


2 


12 




1043.09 


-1.23 


2 


1 3 




1 1 10.42 


- 1 61 


2 


14 


1178.50±0.31 


1178.48 


-2.08 


2 


15 


1246.45 ±0.28 


1246.49 


-2.65 


2 


16 




1275.37 


-2.93 


2 


17 


1315.78±0.21 


1316.39 


-3.35 


2 


18 


1384.28 ±0.37 


1384.42 


-4.17 


2 


19 


1451.69 ±0.25 


1452.98 


-5.14 


2 


20 




1521.76 


-6.28 


2 


21 




1590.52 


-7.62 


2 


22 




1659.28 


-9.16 
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Table A6 

Observed and model frequencies for KIC 6106415 



I 


n 


^ obs OHz) 


v con OHz) 


a,, (uHz) 





13 






1497 


25 


-0.70 





14 






1601 


16 


-0.93 





15 






1704 


69 


-1.21 





16 


1807.96 ±0 


39 


1807 


03 


-1.56 





17 


1910.30±0 


26 


1909 


72 


-1.98 





18 


2012.90 ±0 


26 


2013 


26 


-2.48 





19 


2118.00±0 


30 


2117 


43 


-3.08 





20 


2221.41 ±0 


18 


2221 


81 


-3.79 





21 


2325.32 ±0 


32 


2325 


86 


-4.62 





22 


2429.08 ± 


31 


2430 


12 


-5.58 





23 


2534.38 ±0 


73 


2534 


44 


-6.69 





24 


2638.90 ±0 


26 


2639 


04 


-7.97 





25 


2743.07 ±0 


20 


2743 


73 


-9.44 





26 






2848 


29 


-11.10 





27 






2952 


85 


- 12.98 


1 


13 






1544 


71 


-0.80 


1 


14 






1648 


65 


-1.05 


1 


15 


1752.63 ±0 


43 


1751 


72 


-1.37 


1 


16 


1 855.04 ±0 


50 


1854 


36 


-1.74 


1 


17 


1957.84 ±0 


30 


1957 


46 


-2.20 


1 


18 


2060.89 ± 


20 


2061 


73 


-2.75 


1 


19 


2166.23 ±0 


22 


2166 


16 


-3.40 


1 


20 


2270.09 ± 


27 


2270 


64 


-4.17 


1 


21 


2374.17 ±0 


32 


2374 


97 


-5.06 


1 


22 


2478.74 ±0 


22 


2479 


36 


-6.09 


1 


23 


2582.75 ±0 


20 


2584 


11 


-7.28 


1 


24 


2688.70 ±0 


20 


2688 


84 


-8.64 


1 


25 






2793 


73 


- 10.20 


1 


26 






2898 


39 


-11.97 


1 


27 






3002 


96 


-13.96 


2 


13 






1593 


10 


-0.91 


2 


14 






1696 


85 


-1.19 


2 


15 






1799 


39 


-1.53 


2 


16 


1902.18 ±0 


30 


1902 


25 


-1.95 


2 


17 


2006.72 ±0 


33 


2005 


92 


-2.44 


2 


18 


2111.65±1 


43 


2110 


34 


-3.04 


2 


19 


2213.81±0 


30 


2214 


97 


-3.74 


2 


20 


2319.41 ±0 


47 


2319 


30 


-4.56 


2 


21 


2423.39 ±0 


28 


2423 


82 


-5.52 


2 


22 


2527.51 ±0 


28 


2528 


38 


-6.63 


2 


23 


2632.08 ±0 


55 


2633 


27 


-7.90 


2 


24 


2738.48 ±1 


07 


2738 


21 


-9.35 


2 


25 






2843 


05 


-11.01 


2 


26 






2947 


86 


-12.88 


2 


27 






3052 


37 


- 14.99 



MATHUR ET AL. 



Table A7 

Observed and model frequencies for KIC 61 16048 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


Vrnrr (f-Hz) 
LUIT v r / 


a,, (uHz) 





13 




1448.56 


-0.75 





14 




1549.10 


-1.00 





15 


1650.26 ±0.24 


1648.95 


-1.31 





16 


1747.66 ±0.34 


1748.03 


-1.68 





17 


1847.35 ±0.25 


1847.82 


-2.13 





18 


1948.04 ±0.28 


1948.25 


-2.68 





19 


2048.94 ±0.21 


2049.32 


-3.33 





20 


2150.34 ±0.24 


2150.21 


-4.10 





21 


2249.91 ±0.17 


2251.07 


-4.99 





22 


235 1.45 ±0.19 


2352.11 


-6.04 





23 


2452.29 ± 0.23 


2453.26 


-7.24 





24 


2556.29 ±0.57 


2554.67 


-8.63 





25 




2655.93 


-10.21 





26 




2757.23 


- 12.02 


1 


13 




1494.19 


-0.86 


1 


14 




1594.46 


-1.13 


1 


15 


1692.68 ±0.34 


1694.19 


-1.47 


1 


16 


1793.30 ±0.26 


1793.61 


-1.88 


1 


17 


1892.81 ±0.32 


1893.92 


-2.37 


1 


18 


1994.81 ±0.35 


1995.02 


-2.97 


1 


19 


2096.10 ±0.24 


2096.16 


-3.67 


1 


20 


2196.79 ±0.30 


2197.36 


-4.50 


1 


21 


2297.39 ±0.17 


2298.39 


-5.46 


1 


22 


2399.20 ±0.23 


2399.78 


-6.58 


1 


23 


2501.36±0.15 


2501.21 


-7.87 


1 


24 


2602.15 ±0.73 


2602.76 


-9.36 


1 


25 




2704.26 


-11.04 


1 


26 




2805.56 


- 12.96 


2 


13 




1541.40 


-0.98 


2 


14 




1641.42 


-1.28 


2 


15 




1740.73 


-1.65 


2 


16 


1840.35 ±0.27 


1840.65 


-2.10 


2 


1 7 


1 Q41 QT. + 7? 


1Q41 27 


-2.64 


2 


18 


2042.93 ± 0.28 


2042.59 


-3.29 


2 


19 




2143.74 


-4.05 


2 


20 


2242.98 ±0.19 


2244.90 


-4.94 


2 


21 


2345.13±0.18 


2346.19 


-5.97 


2 


22 


2446.48 ±0.21 


2447.62 


-7.17 


2 


23 




2549.30 


-8.55 


2 


24 




2650.84 


-10.13 


2 


25 




2752.43 


-11.92 


2 


26 




2853.75 


-13.95 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A8 

Observed and model frequencies for KIC 6603624 



I 


n 


ODS \r" / 


LUIT v r / 


a,, (uHz) 





16 




1927.24 


-1.84 





17 




2036.29 


-2.33 





18 


2146.80 ±0.24 


2146.45 


-2.92 





19 


2256.65 ±0.19 


2256.81 


-3.62 





20 


2367.18±0.16 


2367.11 


-4.45 





21 


2477.43 ± 0.26 


2477.54 


-5.42 





22 


2587.77 ±0.30 


2587.93 


-6.54 





23 




2698.61 


-7.84 





24 




2809.61 


-9.33 





25 




2920.45 


-11.03 


1 


16 




1977.72 


-2.05 


1 


17 




2087.55 


-2.59 


1 


18 


2198.45 ±0.25 


2198.06 


-3.23 


1 


19 


2308.94 ±0.11 


2308.91 


-4.00 


1 


20 


2419.42 ±0.22 


2419.43 


-4.89 


1 


21 


2530.33 ±0.18 


2530.01 


-5.93 


1 


22 


2640.34 ±0.25 


2640.94 


-7.14 


1 


23 


2751.55 ±0.22 


2751.91 


-8.53 


1 


24 




2863.04 


-10.12 


1 


25 




2974.22 


-11.94 


2 


1 6 




2030 22 


-2 30 


2 


17 




2140.71 


-2.89 


2 


18 


2252.16 ±0.20 


2251.40 


-3.59 


2 


19 


2362.09 ±0.19 


2362.10 


-4.41 


2 


20 




2472.89 


-5.37 


2 


21 


2583.10 ±0.24 


2583.59 


-6.49 


2 


22 




2694.64 


-7.79 


2 


23 




2805.95 


-9.28 


2 


24 




2917.10 


- 10.98 


2 


25 




3028.28 


-12.91 



MATHUR ET AL. 



Table A9 

Observed and model frequencies for KIC 6933899 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


LUIT \r" J 


a,, (uHz) 





12 




964.47 


-0.73 





13 




1036.06 


-0.99 





14 


1108.35 ±0.23 


1107.03 


-1.32 





15 




1177.69 


-1.72 





16 


1248.76 ±0.26 


1249.27 


-2.21 





17 


1321.90±0.20 


1321.86 


-2.82 





18 


1393.80±0.28 


1394.23 


-3.56 





19 


1466.05 ± 0.26 


1466.45 


-4.42 





20 


1538.53 ±0.29 


1538.74 


-5.45 





21 




1611.01 


-6.65 





22 




1683.57 


-8.05 





23 




1756.06 


-9.67 


1 


12 




996.14 


-0.84 


1 


13 




1067.13 


-1.12 


1 


14 




1137.39 


-1.48 


1 


15 


1208.28 ±0.24 


1208.41 


-1.92 


1 


16 


1280.00 ±0.21 


1280.25 


-2.46 


1 


17 


1352.56 ±0.29 


1352.66 


-3.12 


1 


18 


1424.84 ±0.30 


1425.02 


-3.91 


1 


19 


1496.21 ±0.28 


1497.01 


-4.84 


1 


20 


1568.85 ±0.20 


1569.29 


-5.93 


1 


21 


1642.44 ±0.48 


1641.74 


-7.22 


1 


22 




1714.18 


-8.71 


1 


23 




1786.67 


- 10.43 


2 


12 




1101.35 


-1.29 


2 


13 




1171.81 


-1.68 


2 


14 




1 226 40 


-2 05 


2 


15 


1245.11 ±0.31 


1244.98 


-2.18 


2 


16 


1317.14±0.35 


1316.70 


-2.78 


2 


17 


1388.62 ±0.42 


1389.06 


-3.50 


2 


18 


1461.93 ±0.27 


1461.40 


-4.36 


2 


19 




1533.75 


-5.37 


2 


20 




1606.13 


-6.56 


2 


21 




1678.85 


-7.95 


2 


22 




1751.47 


-9.56 


2 


23 




1823.86 


-11.41 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A10 

Observed and model frequencies for KIC 76801 14 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


LUIT \r" J 


a„ (uHz) 





12 




1141.41 


-0.47 





13 




1226.52 


-0.63 





14 




1311.38 


-0.84 





15 


1395.31 ±0.34 


1395.12 


-1.10 





16 




1479.03 


-1.42 





17 


1563.84 ±0.23 


1563.69 


-1.80 





18 




1648.91 


-2.26 





19 


1734.23 ±0.20 


1734.39 


-2.81 





20 




1819.51 


-3.45 





21 


1904.40 ±0.42 


1904.78 


-4.21 





22 




1990.31 


-5.09 





23 




2075.82 


-6.10 


1 


12 




1178.87 


-0.53 


1 


13 




1263.91 


-0.72 


1 


14 


1348.35 ±0.34 


1348.40 


-0.95 


1 


15 


143 1.62 ±0.35 


1432.23 


-1.23 


1 


16 




1516.41 


-1.58 


1 


17 


1601.26 ±0.20 


1601.72 


-1.99 


1 


18 


1686.44 ±0.22 


1687.21 


-2.49 


1 


19 


1773.26±0.16 


1772.69 


-3.09 


1 


20 


1856.72±0.21 


1858.23 


-3.78 


1 


21 


1943.50 ±0.43 


1943.70 


-4.59 


1 


22 




2029.62 


-5.53 


1 


23 




2115.60 


-6.62 


2 


12 




1220.39 


-0.62 


2 


13 




1305.43 


-0.83 


2 


14 




1 389 39 

1 J07.J7 


- 1 08 

1 .\JO 


2 


15 




1473.48 


-1.39 


2 


16 


1558.10±0.30 


1558.27 


-1.77 


2 


17 




1643.74 


-2.23 


2 


18 


1729.78 ±0.19 


1729.50 


-2.78 


2 


19 




1814.90 


-3.42 


2 


20 


1900.20 ±0.26 


1900.50 


-4.17 


2 


21 




1986.34 


-5.04 


2 


22 




2072.21 


-6.05 


2 


23 




2158.38 


-7.22 



MATHUR ET AL. 



Table All 

Observed and model frequencies for KIC 7976303 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


Vcmr (W-Hz) 

LUIT **-V 


a,, (uHz) 





7 




428.79 


-0.07 





8 




479.66 


-0.12 





9 




528.42 


-0.18 





10 




577.44 


-0.26 





11 




627.71 


-0.38 





12 




678.30 


-0.52 





13 


729.13±0.18 


728.39 


-0.71 





14 


779.48 ±0.26 


778.68 


-0.95 





15 


830.04 ±0.26 


829.97 


-1.25 





16 


882.16±0.33 


881.59 


-1.62 





17 


933.59 ±0.37 


933.28 


-2.07 





18 


983.99 ±0.42 


984.78 


-2.61 





19 


1036.33 ±0.34 


1036.51 


-3.25 





20 


1086.52 ±0.75 


1088.38 


-4.02 





21 




1140.21 


-4.92 





22 




1192.07 


-5.97 


1 
1 


7 
8 




583.51 
612.05 


-0.27 
-0.34 


1 


9 


649.80±0.16 


649.66 


-0.44 


1 


10 


692.39 ±0.20 


690.43 


-0.57 


1 


11 




721.29 


-0.68 


1 


12 


759.58 ±0.23 


758.16 


-0.85 


1 


13 


805.38 ±0.27 


804.62 


-1.09 


1 


14 


854. 16 ±0.22 


854.07 


-1.41 


1 


15 


903. 80 ±0.24 


903.90 


-1.80 


1 


16 


948.85 ±0.61 


951.05 


-2.24 


1 


17 




979.48 


-2.55 


1 


18 


1013.00±0.23 


1012.85 


-2.94 


1 


19 


1061.42 ± 1.23 


1061.59 


-3.61 


1 


20 




1112.50 


-4.42 


1 


21 




1163.71 


-5.38 


1 


22 




1215.07 


-6.49 


2 


7 




677.98 


-0.52 


2 


8 




723.63 


-0.69 


2 


9 


773.74±0.39 


773.36 


-0.92 


2 


10 




786.08 


-0.99 


2 


11 


826.06 ±0.30 


825.46 


-1.22 


2 


12 


876.81 ±0.19 


877.00 


-1.58 


2 


1 3 


qw 49+1 98 


928 64 


-2.02 


2 


14 




967.18 


-2.41 


2 


15 


979.50 ±0.44 


980.78 


-2.56 


2 


16 




1032.16 


-3.19 


2 


17 




1083.99 


-3.95 


2 


18 




1135.83 


-4.84 


2 


19 




1187.66 


-5.87 


2 


20 




1239.11 


-7.07 


2 


21 




1278.26 


-8.09 


2 


22 




1291.96 


-8.48 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A12 

Observed and model frequencies for KIC 8006161 



I 


n 


ODS \r" / 


Vcmr (MHz) 


a,, (uHz) 





15 




2476.80 


-1.43 





16 




2626.06 


-1.84 





17 


2774.54 ±0.28 


2774.63 


-2.33 





18 


2922.60 ±0.19 


2922.73 


-2.91 





19 




3071.09 


-3.61 





20 


3220.53 ±0.15 


3220.31 


-4.42 





21 


3369.42 ±0.20 


3369.51 


-5.37 





22 


3519.32±0.15 


3518.69 


-6.48 





23 


3667.14±0.18 


3668.07 


-7.75 





24 


3817.15±0.22 


3817.31 


-9.20 





25 




3966.87 


-10.87 





26 




4116.67 


-12.75 


1 


15 




2547.27 


-1.62 


1 


16 




2696.41 


-2.06 


1 


17 


2844.48 ± 0.28 


2844.51 


-2.59 


1 


18 


2993.69±0.18 


2993.08 


-3.23 


1 


19 


3141.94±0.18 


3141.96 


-3.98 


1 


20 


3291.51 ±0.22 


3291.17 


-4.86 


1 


21 


3440.39 ±0.21 


3440.73 


-5.88 


1 


22 


3590.09 ±0.16 


3589.97 


-7.06 


1 


23 


3738.87 ±0.22 


3739.33 


-8.42 


1 


24 


3888.40±0.23 


3888.99 


-9.97 


1 


25 




4038.60 


-11.74 


1 


26 




4188.48 


-13.75 


2 


15 




2613.54 


-1.80 


2 


16 




2762.60 


-2.29 


2 


1 7 




291 98 


-? 86 


2 


18 




3059.70 


-3.55 


2 


19 




3209.24 


-4.36 


2 


20 


3359.14±0.24 


3358.73 


-5.30 


2 


21 


3508.69 ±0.22 


3508.28 


-6.39 


2 


22 


3657.76 ±0.14 


3657.95 


-7.66 


2 


23 




3807.46 


-9.10 


2 


24 




3957.32 


-10.75 


2 


25 




4107.36 


-12.63 


2 


26 




4257.26 


-14.75 



MATHUR ET AL. 



Table A13 

Observed and model frequencies for KIC 8228742 



I 


n 


ODS \r" / 


v con (>Hz) 


a,, (uHz) 





10 




699 


24 


-0.30 





11 




758 


58 


-0.42 





12 




818 


63 


-0.58 





13 




880 


54 


-0.80 





14 




942 


59 


-1.07 





14 


944.08 ±0.32 


1004 


05 


-1.40 





15 


1004.35 ±0.38 


1065 


28 


-1.81 





16 


1064.80 ±0.20 


1127 


02 


-2.30 





17 


1126.01 ±0.20 


1189 


68 


-2.91 





18 


1189.75 ±0.36 


1252 


60 


-3.63 





19 


1252.44 ±0.34 


1315 


24 


-4.49 





21 


1376.93 ±0.44 


1377 


77 


-5.49 





22 


1439.99 ±0.33 


1440 


01 


-6.65 





23 




1502 


34 


-8.00 





24 




1564 


68 


-9.55 


1 


10 




727 


12 


-0.35 


1 


11 




786 


23 


-0.49 


1 


12 


846.85 ±0.47 


846 


62 


-0.67 


1 


13 




908 


56 


-0.91 


1 


14 


970.05 ±0.29 


970 


15 


-1.21 


1 


15 


1030.69 ±0.29 


1031 


19 


-1.57 


1 


16 


1090.06 ±0.36 


1092 


32 


-2.01 


1 


17 


1153.87±0.18 


1154 


50 


-2.56 


1 


18 


1216.20 ±0.27 


1217 


01 


-3.21 


1 


19 


1278.99 ±0.38 


1279 


94 


-3.99 


1 


20 


1340.05 ±0.31 


1342 


28 


-4.90 


1 


21 


1404.11 ±0.24 


1404 


63 


-5.97 


1 


22 


1463.82 ±0.43 


1466 


86 


-7.21 


1 


23 




1529 


09 


-8.64 


1 


24 




1591 


32 


-10.28 


2 


10 




813 


59 


-0.57 


2 


11 




875 


48 


-0.78 


2 


12 




937 


63 


-1.04 


2 


13 


998.21 ±0.27 


999 


16 


-1.37 


2 


14 




1060 


26 


-1.77 


2 


15 




1099 


62 


-2.07 


2 


16 


1122.98 ±0.20 


1122 


66 


-2.26 


2 


17 


1186.00 ±0.37 


1185 


00 


-2.86 


2 


18 


1247.81 ±0.30 


1247 


84 


-3.57 


2 


19 


1311.57±2.87 


1310 


57 


-4.42 


2 


20 


1372.52 ±0.50 


1373 


12 


-5.41 


2 


21 




1435 


41 


-6.56 


2 


22 




1497 


81 


-7.89 


2 


23 




1560 


20 


-9.43 


2 


24 




1622 


36 


-11.19 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A14 

Observed and model frequencies for KIC 8379927 



I 


n 


ODS \r" / 


LUIT \r" J 


a,, (uHz) 





16 




2085.25 


-1.15 





17 




2203.80 


-1.45 





18 




2322.63 


-1.82 





19 


2443. 18 ±0.40 


2442.56 


-2.26 





20 


2563.01 ±0.41 


2562.91 


-2.78 





21 


2683.13 ±0.46 


2683.22 


-3.39 





22 


2803.35 ±0.50 


2803.64 


-4.09 





23 


2925.06 ±0.40 


2923.99 


-4.90 





24 


3045.39 ±0.41 


3044.79 


-5.84 





25 


3163.41 ±1.01 


3165.66 


-6.90 





26 




3286.75 


-8.12 





27 




3407.79 


-9.49 


1 


16 




2140.63 


-1.28 


1 


17 




2259.27 


-1.62 


1 


18 


2379.27 ±0.37 


2378.92 


-2.02 


1 


19 


2499.28 ± 0.43 


2499.11 


-2.49 


1 


20 


2621.04 ±0.47 


2619.76 


-3.06 


1 


21 


2740.32 ±0.61 


2740.12 


-3.71 


1 


22 


2860.25 ±0.40 


2860.67 


-4.46 


1 


23 


2980.77 ±0.36 


2981.34 


-5.33 


1 


24 


3102.47 ±0.63 


3102.24 


-6.33 


1 


25 


3224.03 ±1.02 


3223.42 


-7.46 


1 


26 




3344.49 


-8.75 


1 


27 




3465.69 


-10.21 


2 


16 




2193.50 


-1.42 


2 


17 




2312.44 


-1.79 


2 


1 8 


2433 29 + 80 


lAX) 58 


-2.22 


2 


19 


2550.50 ±0.54 


2553.12 


-2.73 


2 


20 


2670.72 ±0.90 


2673.72 


-3.34 


2 


21 


2794.20 ±0.87 


2794.37 


-4.03 


2 


22 


2916.35 ±0.89 


2914.96 


-4.84 


2 


23 


3034.41 ±0.40 


3035.99 


-5.76 


2 


24 


3155.79 ±0.92 


3157.07 


-6.82 


2 


25 




3278.42 


-8.03 


2 


26 




3399.66 


-9.39 


2 


27 




3520.87 


- 10.93 



MATHUR ET AL. 



Table A15 

Observed and model frequencies for KIC 8760414 



I 


n 


fnh« (W-Hz) 
ODS \r" / 


Vcmr (W-Hz) 
LUIT v r / 


a,, (uHz) 





12 




1577.29 


-0.73 





13 




1693.67 


-0.99 





14 




1809.50 


-1.32 





15 


1925.25 ±0.30 


1924.83 


-1.72 





16 


2041.41 ±0.22 


2041.04 


-2.21 





17 


2157.65 ±0.24 


2157.77 


-2.80 





18 


2274.77 ± 0.27 


2274.53 


-3.52 





19 


2391.59 ±0.22 


2391.68 


-4.37 





20 


2508.99 ±0.30 


2508.90 


-5.37 





21 


2625.21 ±1.01 


2626.49 


-6.54 





22 




2744.33 


-7.91 





23 




2862.11 


-9.48 





24 




2980.06 


-11.30 


1 


12 




1627.26 


-0.83 


1 


13 




1743.66 


-1.12 


1 


14 


1861.28 ±0.28 


1859.71 


-1.48 


1 


15 


1977.93 ±0.30 


1976.09 


-1.92 


1 


16 


2093.68 ±0.24 


2092.99 


-2.46 


1 


17 


2210.49 ±0.23 


2210.55 


-3.11 


1 


18 


2328.40 ±0.22 


2328.07 


-3.89 


1 


19 


2445.78 ±0.24 


2445.80 


-4.81 


1 


20 


2563.84 ±0.32 


2563.96 


-5.89 


1 


21 


2681.49 ±0.29 


2682.14 


-7.16 


1 


22 


2801.14±0.31 


2800.61 


-8.63 


1 


23 




2919.03 


-10.33 


1 


24 




3037.33 


-12.27 


2 


12 




1684.78 


-0.97 


2 


13 




1801.15 


-1.29 


2 


14 


1917.83±0.33 


1916.99 


-1.69 


2 


15 


2034.84 ±0.35 


2033.79 


-2.17 


2 


16 


2151.69 ±0.42 


2151.09 


-2.77 


2 


17 


2267.52 ±0.33 


2268.51 


-3.48 


2 


18 


2385.04 ±0.26 


2386.31 


-4.32 


2 


19 


2503.32 ±0.30 


2504.17 


-5.32 


2 


20 




2622.41 


-6.50 


2 


21 


2741.28 ±0.44 


2740.87 


-7.86 


2 


22 




2859.26 


-9.44 


2 


23 




2977.80 


-11.26 


2 


24 




3096.10 


-13.33 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A16 

Observed and model frequencies for 
KIC 10018963 



I 


n 


fobs OHz) 


u coa OHz) 


a v (/xHz) 





8 




514.69 


-0.10 





9 




568.94 


-0.15 





10 




621.11 


-0.22 





11 




673.86 


-0.31 





12 




728.06 


-0.44 





13 


784.10±0.38 


783.45 


-0.60 





14 


837.56 ±0.66 


837.92 


-0.80 





15 


893.52±0.32 


892.33 


-1.05 





16 


946.33 ±0.32 


947.10 


-1.36 





17 


1002.41 ±0.36 


1003.06 


- 1.74 





18 


1058.36 ±0.37 


1059.15 


-2.20 





19 


11 14.47 ±0.80 


1115.23 


-2.74 





20 


1169.08 ±0.37 


1170.94 


-3.39 





21 


1225.66 ±0.67 


1226.69 


-4.14 





22 


1286.04 ±0.29 


1282.48 


-5.02 





23 




1338.30 


-6.04 





24 




1394.02 


-7.22 


1 


8 




614.78 


-0.21 


1 


9 




651.71 


-0.27 


1 


10 


698.70 ±0.41 


699.74 


-0.37 


1 


11 


749. 10 ±0.30 


750.06 


-0.50 


1 


12 




786.75 


-0.61 


1 


13 


815.66±0.38 


816.04 


-0.71 


1 


14 


866. 04 ±0.32 


865.33 


-0.92 


1 


15 


917.89±0.39 


918.43 


-1.19 


1 


16 


973.88 ±0.39 


973.01 


-1.52 


1 


17 


1027.96 ±0.31 


1028.60 


- 1.94 


1 


18 


1084.09 ±0.31 


1084.34 


-2.43 


1 


19 


1138.93 ±0.30 


1139.91 


-3.01 


1 


20 


1194.62 ±0.32 


1195.38 


-3.70 


1 


21 


1254.33 ±0.88 


1250.90 


-4.51 


1 


22 


1306.20 ±0.27 


1306.56 


-5.44 


1 


23 




1362.15 


-6.52 


1 


24 




1417.65 


-7.76 


2 


8 




722.80 


-0.42 


2 


9 




769.01 


-0.55 


2 


10 


778.67 ±0.76 


778.87 


-0.59 


2 


11 


833.08 ±0.35 


833.16 


-0.78 


2 


12 


886.62 ±0.40 


887.57 


-1.03 


2 


13 


941.97 ±0.29 


942.31 


-1.33 


2 


14 


997.11 ±0.40 


998.11 


-1.70 


2 


15 




1030.22 


-1.95 


2 


16 


1054.10±0.38 


1054.67 


-2.16 


2 


17 




1110.62 


-2.69 


2 


18 




1166.31 


-3.33 


2 


19 




1222.05 


-4.07 


2 


20 




1277.80 


-4.94 


2 


21 




1333.56 


-5.95 


2 


22 




1388.99 


-7.10 


2 


23 




1431.95 


-8.11 


2 


24 




1446.96 


-8.49 



MATHUR ET AL. 



Table A17 

Observed and model frequencies for 
KIC 10516096 



I 


n 


^ obs OHz) 


v con (>Hz) 


a v (/xHz) 





14 




1295.57 


- 1.11 





15 




1378.67 


-1.45 





16 




1461.93 


- 1.87 





17 


1547.00 ±0.31 


1546.24 


-2.38 





18 


1630.77 ±0.47 


1630.99 


-2.99 





19 


1715.57±0.30 


1715.53 


-3.72 





20 


1799.68 ±0.35 


1800.18 


-4.58 





21 


1884.64 ±0.24 


1884.73 


-5.59 





22 




1969.66 


-6.76 





23 




2054.56 


-8.12 


1 


14 




1331.88 


-1.25 


1 


15 




1414.93 


- 1.62 


1 


16 


1499.09 ± 0.40 


1498.89 


-2.08 


1 


17 


1583.32±0.25 


1583.45 


-2.64 


1 


18 


1668.06 ±0.38 


1668.43 


-3.30 


1 


19 


1753.54 ±0.36 


1753.07 


-4.09 


1 


20 


1836.67 ±0.75 


1837.84 


-5.01 


1 


21 




1922.82 


-6.09 


1 


22 




2007.82 


-7.35 


1 


23 




2093.05 


-8.80 


2 


14 




1372.70 


-1.43 


2 


15 




1456.02 


-1.84 


2 


16 




1540.47 


-2.34 


2 


17 


1624.96 ±0.38 


1625.37 


-2.95 


2 


18 


1710.18±0.33 


1710.15 


-3.67 


2 


19 




1795.02 


-4.53 


2 


20 


1879.36 ±0.41 


1879.79 


-5.53 


2 


21 




1964.99 


-6.69 


2 


22 




2050.13 


-8.04 


2 


23 




2135.28 


-9.60 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A18 

Observed and model frequencies for 
KIC 10963065 



I 


n 


^ obs OHz) 


u co „ OHz) 


a v (/xHz) 





13 




1475.57 


- 1.06 





14 




1578.53 


- 1.42 





15 




1681.39 


-1.86 





16 




1782.93 


-2.39 





17 


1887.16±0.35 


1884.85 


-3.04 





18 




1987.45 


-3.82 





19 


2092.57 ±0.34 


2091.16 


-4.76 





20 


2196.23 ±0.46 


2194.76 


-5.86 





21 


2299.80 ±0.36 


2298.29 


-7.15 





22 


2401.53 ±0.88 


2401.44 


-8.65 





23 


2504.36 ±0.92 


2504.78 


-10.39 





24 




2608.06 


- 12.38 





25 




2711.47 


- 14.66 





26 




2814.62 


- 17.26 


1 


13 




1522.49 


- 1.21 


1 


14 




1625.62 


-1.61 


1 


15 


1729.93 ±0.76 


1727.97 


-2.09 


1 


16 


1831.08 ± 0.33 


1829.69 


-2.67 


1 


17 


1933.63 ±0.38 


1931.99 


-3.38 


1 


18 


2037.06 ±0.31 


2035.41 


-4.23 


1 


19 


2140.88 ±0.29 


2139.27 


-5.25 


1 


20 


2243.14 ±0.43 


2243.11 


-6.44 


1 


21 


2346.77 ±0.38 


2346.55 


-7.83 


1 


22 


2450.71 ±0.44 


2450.02 


-9.44 


1 


23 




2553.44 


- 11.29 


1 


24 


2659.00 ±0.92 


2657.03 


- 13.42 


1 


25 




2760.42 


-15.86 


1 


26 




2863.71 


-18.62 


2 


13 




1569.91 


-1.38 


2 


14 




1672.90 


- 1.82 


2 


15 


1776.26 ±0.43 


1774.59 


-2.35 


2 


16 




1876.60 


-2.98 


2 


17 


1981.33 ±0.47 


1979.26 


-3.75 


2 


18 




2083.13 


-4.68 


2 


19 


2188.75 ±0.48 


2186.93 


-5.77 


2 


20 




2290.73 


-7.05 


2 


21 


2393.70 ±0.90 


2394.10 


-8.54 


2 


22 


2496.91 ±0.49 


2497.68 


- 10.26 


2 


23 




2601.18 


- 12.24 


2 


24 




2704.85 


-14.51 


2 


25 




2808.24 


- 17.09 


2 


26 




2911.48 


-20.02 



MATHUR ET AL. 



Table A19 

Observed and model frequencies for 
KIC 11244118 



I 


n 


fobs OHz) 


v con (>Hz) 


a v (^Hz) 





12 




958.62 


-0.18 





13 




1028.93 


-0.24 





14 




1098.57 


-0.32 





15 


1169.40±0.19 


1169.03 


-0.42 





16 


1240.96 ±0.23 


1240.42 


-0.54 





17 


1312.33 ±0.20 


1311.95 


-0.69 





18 


1383.54±0.19 


1383.48 


-0.86 





19 


1455.00 ±0.17 


1455.20 


- 1.07 





20 


1527.27 ±0.09 


1527.20 


- 1.32 





21 


1598.17±0.20 


1599.50 


-1.60 





22 




1672.04 


- 1.94 





23 




1744.62 


-2.33 


1 


12 




1015.61 


-0.23 


1 


13 




1064.17 


-0.28 


1 


14 


1130.71 ±0.15 


1131.02 


-0.36 


1 


15 




1200.66 


-0.47 


1 


16 


1271.55 ±0.12 


1271.52 


-0.60 


1 


17 


1342.50 ±0.20 


1342.60 


-0.76 


1 


18 


1413.89±0.19 


1413.67 


-0.94 


1 


19 


1484.90 ±0.22 


1485.13 


- 1.17 


1 


20 


1556.91 ±0.12 


1557.12 


- 1.43 


1 


21 


1629.23 ±0.30 


1629.29 


- 1.74 


1 


22 




1701.53 


-2.09 


1 


23 




1773.97 


-2.50 


2 


12 




1162.85 


-0.41 


2 


13 




1234.05 


-0.53 


2 


14 




1303.65 


-0.67 


2 


15 




1318.97 


-0.70 


2 


16 


1379.22 ±0.24 


1378.17 


-0.85 


2 


17 


1450.53 ±0.20 


1449.64 


-1.05 


2 


18 


1521.53±0.18 


1521.53 


-1.29 


2 


19 


1594.29 ±0.20 


1593.75 


-1.58 


2 


20 




1665.95 


-1.91 


2 


21 




1734.44 


-2.27 


2 


22 




1754.52 


-2.39 


2 


23 




1813.46 


-2.75 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A20 

Observed and model frequencies for 
KIC 11713510 



I 


n 


fobs OHz) 


v con OHz) 


a v (/iHz) 





9 




723.13 


-0.32 





10 




790.40 


-0.47 





11 




858.82 


-0.67 





12 




927.48 


-0.94 





13 




995.16 


- 1.27 





14 


1063.30±0.30 


1062.95 


-1.68 





15 


1132.11 ±0.25 


1131.58 


-2.20 





16 


1200.54 ±0.20 


1200.77 


-2.84 





17 


1269. 60 ±0.20 


1270.13 


-3.63 





18 


1339.00±0.20 


1339.15 


-4.56 





19 


1408.34 


-5.67 







20 


1477.72 ±0.23 


1477.94 


-6.99 





21 




1547.28 


-8.54 





22 




1616.64 


-10.34 


1 


9 




815.90 


-0.54 


1 


10 




863.66 


-0.69 


1 


11 




899.27 


-0.82 


1 


12 




960.38 


-1.09 


1 


13 


1026.06 ±0.24 


1026.06 


- 1.44 


1 


14 


1093. 54± 0.23 


1093.12 


-1.90 


1 


15 


1161.32±0.19 


1161.68 


-2.47 


1 


16 


1230.12±0.19 


1230.49 


-3.16 


1 


17 


1298.44 ±0.20 


1299.28 


-4.00 


1 


18 


1368.02 ±0.23 


1368.32 


-5.00 


1 


19 




1437.33 


-6.20 


1 


20 




1506.69 


-7.61 


1 


21 




1576.13 


-9.26 


1 


22 




1645.13 


-11.17 


2 


9 




921.21 


-0.91 


2 


10 




988.99 


- 1.23 


2 


11 


1057.45 ±0.24 


1056.65 


- 1.64 


2 


12 




1105.97 


-2.00 


2 


13 


1126.97 ±0.30 


1126.28 


-2.16 


2 


14 




1194.99 


-2.79 


2 


15 


1263.28 ±0.24 


1264.36 


-3.56 


2 


16 


1333.67±0.21 


1333.36 


-4.47 


2 


17 


1402.38 ±0.28 


1402.58 


-5.57 


2 


18 


1471.76 ±0.27 


1471.93 


-6.87 


2 


19 




1535.28 


-8.25 


2 


20 




1548.25 


-8.56 


2 


21 




1612.15 


- 10.22 


2 


22 




1681.21 


- 12.28 



MATHUR ET AL. 



Table All 

Observed and model frequencies for 
KIC 12009504 



I 


n 


^ obs OHz) 


v con (>Hz) 


a v (/xHz) 





13 




1256.66 


-0.66 





14 




1344.46 


-0.88 





15 




1432.20 


-1.15 





16 


1520.45 ±0.35 


1518.97 


- 1.49 





17 


1605.08 ±0.45 


1605.93 


- 1.89 





18 


1693.98 ±0.39 


1693.47 


-2.37 





19 


1782.95 ±0.29 


1782.03 


-2.95 





20 


1870.99 ±0.48 


1870.51 


-3.64 





21 


1959.16±0.39 


1959.06 


-4.44 





22 


2045.03 ±0.49 


2047.20 


-5.37 





23 


2134.63 ±0.45 


2135.71 


-6.45 





24 




2224.05 


-7.69 





25 




2312.74 


-9.11 





26 




2401.03 


- 10.72 


1 


13 




1296.71 


-0.75 


1 


14 




1384.51 


-1.00 


1 


15 


1472.88 ±0.42 


1472.03 


-1.30 


1 


16 




1558.70 


- 1.66 


1 


17 


1646.92 ±0.32 


1646.15 


-2.10 


1 


18 


1733.12±0.36 


1734.23 


-2.63 


1 


19 


1823 .44 ±0.44 


1823.12 


-3.26 


1 


20 


1911.88±0.34 


1911.69 


-4.00 


1 


21 


2001.10±0.66 


2000.32 


-4.86 


1 


22 


2088.63 ±0.66 


2088.68 


-5.86 


1 


23 




2177.40 


-7.01 


1 


24 


2267.22 ±0.45 


2266.02 


-8.34 


1 


25 




2354.81 


-9.85 


1 


26 




2443.31 


-11.56 


2 


13 




1337.62 


-0.86 


2 


14 




1425.40 


- 1.13 


2 


15 


1511.32±0.53 


1512.33 


- 1.46 


2 


16 


1598.96 ±0.48 


1599.30 


-1.85 


2 


17 


1686.99 ±0.40 


1686.94 


-2.33 


2 


18 


1774.35 ±0.71 


1775.57 


-2.91 


2 


19 


1864.26 


-3.59 




2 


20 


1951.19±0.58 


1952.99 


-4.38 


2 


21 


2038.35 ±3.64 


2041.36 


-5.31 


2 


22 


2129.31 ±0.96 


2130.05 


-6.38 


2 


23 




2218.63 


-7.61 


2 


24 




2307.53 


-9.02 


2 


25 




2396.09 


- 10.62 


2 


26 




2484.79 


- 12.44 



UNIFORM ASTEROSEISMIC ANALYSIS OF 22 STARS 



Table A22 

Observed and model frequencies for 
KIC 12258514 



I 


n 


fobs OHz) 


v con (>Hz) 


a v (/xHz) 





11 




922.36 


-0.41 





12 




996.14 


-0.57 





13 




1070.83 


-0.77 





14 




1145.34 


-1.03 





15 


1219. 82± 0.20 


1218.95 


- 1.35 





16 


1292.77 ±0.21 


1292.48 


-1.73 





17 


1367.21 ±0.28 


1367.08 


-2.20 





18 


1442.04 ±0.23 


1442.17 


-2.77 





19 


1517.53 ±0.25 


1517.54 


-3.46 





20 


1591.43 ±0.18 


1592.46 


-4.26 





21 


1667.31 ±0.18 


1667.38 


-5.19 





22 


1741.93 ±0.24 


1742.40 


-6.28 





23 


1817.16±0.38 


1817.41 


-7.54 





24 




1892.64 


-9.00 





25 




1967.46 


- 10.65 


1 


11 




954.73 


-0.47 


1 


12 




1028.93 


-0.65 


1 


13 


1104.63 ±0.22 


1103.80 


-0.88 


1 


14 




1177.76 


-1.16 


1 


15 


1251.97 ±0.17 


1251.34 


-1.51 


1 


16 


1325.50±0.18 


1325.25 


- 1.93 


1 


17 


1399.99 ±0.29 


1400.27 


-2.44 


1 


18 


1475.50 ±0.18 


1475.68 


-3.06 


1 


19 


1550.27 ±0.17 


1550.91 


-3.80 
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B. ECHELLE DIAGRAMS 
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Figure Bl. Echelle diagram for KIC 3632418 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). The circles, triangles and squares represent the modes with £ = 0, 1 — 1 and 1 — 1 respectively. The background is a smoothed color-map 
of the power spectrum obtained from 1 month of Kepler data. 
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Figure B2. Echelle diagram for KIC 3656476 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure lBTI 
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Figure B3. Echelle diagram for KIC 4914923 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure lBTI 
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Figure B4. Echelle diagram for KIC 5 1 84732 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure lB~fl 
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Figure B6. Echelle diagram for KIC 6106415 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B7. Echelle diagram for KIC 61 16048 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure Ib71 
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Figure B8. Echelle diagram for KIC 6603624 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure Ib71 
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Figure B9. Echelle diagram for KIC 6933899 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B10. Echelle diagram for KIC 76801 14 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure Bll. Echelle diagram for KIC 7976303 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B12. Echelle diagram for KIC 8006161 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B13. Echelle diagram for KIC 8228742 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B14. Echelle diagram for KIC 8379927 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 




Figure B15. Echelle diagram for KIC 8760414 with the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B16. Echelle diagram for KIC 1001896 3 wit h the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 





Figure B18. Echelle diagram for KIC 1096306 5 wit h the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B19. Echelle diagram for KIC 1 12441 1 8 wit h the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 




10 20 30 40 50 60 
Frequency modulo 69.10 /j.Hz 



Figure B20. Echelle diagram for KIC 1171351 wit h the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbT1 



2200 
£ 2000 

>, 

g 1800 

CD 
3 

tr 

£ 1600 
1400 




20 40 60 80 

Frequency modulo 88.20 fMz 



Figure B21. Echelle diagram for KIC 1200950 4 wit h the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 
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Figure B22. Echelle diagram for KIC 1225851 4 wit h the observed frequencies (solid pink points) and the frequencies of the optimal model obtained with AMP 
(open white symbols). Same legend as in Figure IbTI 



